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Structural  analysis  of  Tl2Mn207  pyrochlore,  an  exhibitor  of  colossal 
magnetoresistance,  has  been  completed  using  powder  neutron 
diffraction  and  single-crystal  x-ray  diffraction.  As  shown  schematically 
in  the  figure,  the  structure  features  MnOe  octahedra  connected  by 
comer-shared  oxygens.  Neariy  100%  suppression  of  resistance  has 
been  observed  in  thin  films  of  manganite,  increasing  interest  in  these 
materials  for  use  as  magnetic  storage  media.  The  fact  that  the  origin  of 
CMR  in  these  materials  appears  to  be  fundamentally  different  from  that 
of  the  perovskites  may  lead  to  a new  route  to  the  use  of  CMR  in  this 
class  of  application. 
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Abstract 

This  report  summarizes  all  the  programs  that  use  the  NIST  reactor.  It  covers  the  period  for 
October  1995  through  September  1996.  The  programs  range  from  the  use  of  neutron  beams  to  study 
the  structure  and  dynamics  of  materials  through  nuclear  physics  and  neutron  stamdards  to  sample 
irradiations  for  activation  analysis,  isotope  production,  neutron  radiography,  and  nondestructive 
evaluation. 


KEY  WORDS;  activation  analysis;  cold  neutrons;  crystal  structure;  diffraction;  isotopes;  mole- 
cular dynamics;  neutron;  neutron  radiography;  nondestructive  evaluation;  nu- 
clear reactor;  radiation. 


DISCLAIMER 

Certain  trade  names  and  company  products  are  identified  in  order  to  adequately  specify  the 
experimental  procedure.  In  no  case  does  such  identification  imply  recommendation  or  endorsement 
by  the  National  Institute  of  Standards  and  Technology,  nor  does  it  imply  that  the  products  are 
necessarily  the  best  for  the  purpose. 


FOREWORD 


This  has  been  an  outstanding  year  for  the  NIST  Research  Reactor  and  associated  facilities 
from  any  perspective.  During  1996,  the  reactor  operated  249  20  MW  days,  the  second  best  year 
on  record.  The  new  cold  source  went  into  routine  operation,  providing  aU  of  the  instruments  in 
the  Cold  Neutron  Rese.ardi  Facility  with  substantial  intensity  gains.  The  science  and  engineering 
results  produced  were  exciting,  and  many  researdiers  were  welcomed  here  - both  old  and  new 
friends.  And  last,  but  far  from  least,  the  political  situation  at  the  end  of  the  year  was  far  more 
settled  than  last  year,  and  we  were  able  to  concentrate  on  our  jobs. 

The  reactor  modifications  and  upgrades  that  were  completed  during  the  long  shutdown  proved 
their  worth  during  this  first  complete  year  of  operation,  in  which  the  reactor  returned  to  20  MW. 
All  of  the  systems  are  working  well,  and  virtually  all  of  the  unexpected  shutdowns  were  the  result  of 
interruptions  to  commercial  power.  As  mentioned  above,  in  spite  of  the  problems  at  the  beginning 
of  the  year  (furloughs,  government  shutdowns),  the  reactor  operated  for  249  days  at  20  MW  during 
calendar  year  1996,  a record  exceeded  only  once  in  prior  years.  We  adopted  a more  predictable 
schedule  for  reactor  startup  and  shutdown,  and  posted  this  schedule  on  the  home  page.  There  were 
no  problems  worthy  of  mention  during  the  entire  year  of  operation. 

Another  component  which  was  installed  during  the  long  shutdown,  the  hquid  hydrogen  cold 
source,  operated  almost  as  well  as  the  reactor.  There  were  only  two  instances  in  which  the  source 
prevented  immediate  restart  of  the  reactor  after  commercial  power  interruption,  leading  to  a source 
availability  of  over  99%  (defined  as  fraction  of  time  source  was  ready  to  op>erate  when  the  reactor 
was  ready  to  operate).  The  combined  reactor  and  cold  source  operated  100  % of  the  sdbieduled  hours 
during  the  year,  with  more  than  95  % of  that  operated  at  the  time  originally  scheduled.  Ekpially  if 
not  more  importantly,  the  source  neutronic  performance  equaled  or  exceeded  expectation,  providing 
gains  of  3-7  over  the  wavelengths  of  interest  for  all  cold  neutron  instruments. 

The  reactor  and  cold  source  performance  was  fuUy  matched  by  the  staff  and  users,  who  produced 
a steady  stream  of  stimulating  and  important  results.  Many  of  the  instruments  were  substantially 
improved  or  replaced  during  the  shutdown,  including  the  powder  diffractometer,  the  residual  stress 
instrument,  and  the  horizontal  scattering  path  reflectometer.  Combining  the  increased  power  level 
of  operation,  the  improved  cold  source  and  the  improved  instruments,  it  is  fair  to  say  that  there 
has  been  a revolutionary  increase  in  the  capabilities  of  the  facility.  The  highlights  of  the  impact 
which  this  has  had  are  stressed  in  this  rep)ort. 

Finally,  the  future  outlook  for  the  facility  is  excellent.  NIST  management  is  committed  to  the 
upgrade  and  relicensing  of  the  facility  to  extend  the  operation  for  two  decades  beyond  2004.  We 
have  begim  to  upgrade  the  thermal  neutron  instruments,  and  will  expand  that  effort  in  the  next 
few  years.  We  are  committed  to  continual  improvement  of  our  facihties,  performance,  and  sdentific 
programs  and  look  forward  with  anticipation  to  the  coming  challenges. 

J.  M,  Rowe 
Chief 

Reactor  Radiation  Division 
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ChemiccJ  Physics  of  Materials 


Research  at  the  NBSR  which  falls  into 
this  category  typically  involves  inelastic  neu- 
tron scattering  measurements  of  the  dynamics  of 
molecular  solids,  various  inclusion  compounds, 
and  structurally  disordered  materials.  These 
studies  yield  detailed  information  on  the  atomic 
and  molecular  interactions  responsible  for  many 
properties  of  these  systems.  For  cases  involv- 
ing either  rotational  excitations  or  hydrogen  mo- 
tions or  both,  this  information  is  difficult,  if 
not  impossible,  to  obtain  by  other  means.  Fur- 
thermore, since  thermal  neutron  wavelengths  are 
comparable  to  interatomic  spacings,  one  is  able 
to  ascertain  the  geometry  of  the  various  mo- 
tions in  a way  unmatched  by  other  spectroscopic 
probes.  Each  of  these  attributes  is  featured  in 
one  or  more  of  the  examples  that  are  highlighted 
here. 

Yttrium  and  Lcinthanum  Hydrides 

The  interaction  of  hydrogen  with  the  rare- 
earth  metals  has  been  the  subject  of  nu- 
merous investigations  due  to  the  interest- 
ing temperature-  and  concentration-dependent 
structures  and  properties  observed  in  the  a- 
phase  solid  solutions  as  well  as  the  various 
ordered  metallic  and  semiconducting  hydride 
phases.  This  interest  has  intensified  recently 
due  to  the  discovery  of  the  novel  switchable  op- 
tical properties  of  rare-earth  hydride  films  [1]. 
Neutron  scattering  methods  have  been  crucial 
for  gaining  a better  understanding  of  the  hydro- 
gen binding  potentials  and  ordering  in  these  sys- 
tems. Over  the  past  year,  we  have  directed  our 
studies  [2]  toward  obtaining  a more  comprehen- 
sive understanding  of  the  structure,  phases,  and 
dynamics  for  two  representative  systems,  YHx 
and  LaHx,  up  to  x=Z.  We  present  here  an  ex- 
tensive summary  of  these  results. 

The  neutron  vibrational  spectra  of  the  dif- 
ferent phases  of  YHx  shown  in  Fig.  1,  illus- 
trate the  marked  differences  in  the  H density 
of  states  (DOS).  At  low  H concentrations  below 


Figure  1.  Comparison  of  the  low-resolution  vibra- 
tional spectra  for  ck;-YHo.i8,  /?-YH2,  /3-YH2.10  and 
7-YH3  at  low  temperature.  The  horizontal  bars  cor- 
respond to  the  calculated  instrumental  resolution. 

X 0.2,  an  a-phase  solid  solution  exists  with 
H residing  in  the  tetrahedral  (t)  interstices  of 
the  hexagonal-close-packed  (hep)  metal  lattice, 
which  is  stable  down  to  near  absolute  zero.  Be- 
low 150-170  K,  a short-range  ordering  occurs  in- 
volving the  alignment  of  pairs  of  H atoms  (in 
second-nearest-neighbor  t sites  separated  by  a 
metal  atom)  into  zigzag-shaped,  c-axis-directed 
chains.  This  novel  pairing  potential  and  the 
associated  rapid  proton  hopping  have  been  re- 
viewed extensively  in  previous  reports. 

Above  X « 0.2,  YHx  precipitates  out  into 
the  /5-phase  dihydride  /5-YH2,  forming  a face- 
centered-cubic  (fee)  Y lattice  with  H fully  oc- 
cupying the  t interstices.  For  2 < x < 2.10, 
the  excess  H atoms  partially  occupy  the  octahe- 
dral (o)  interstices.  This  can  be  seen  clearly  in 
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Figure  2.  High-resolution  vibrational  spectra  for 
/3-YH2.03  and  /?-YH2.io  at  10  K. 

the  H DOS  spectra  for  /?-YH2  and  /?-YH2.io  in 
Fig.  1.  The  pure  dihydride  spectrum  yields  a 
broad  complex  doublet  centered  at  ~ 123  meV 
due  to  the  vibrations  of  the  t-site  H (Ht)  atoms. 
Isotope-dilution  experiments  show  that  the  com- 
plex vibrational  DOS  for  the  atoms  is  a man- 
ifestation of  H-H  d5mamic  interactions,  similar 
to  that  observed  in  a-YHx-  In  particular,  dilut- 
ing the  H atoms  with  heavier  D atoms  in  the 
/3-phase  dihydride  causes  a collapse  of  the  broad 
band  due  to  optical  phonon  dispersion  into  a 
much  sharper  singlet  feature  representative  of  an 
isotopically-isolated  Ht  atom  situated  in  a cubic 
potential. 

The  superstoichiometric  dihydride  (3- 
YH2.10  (Fig.l)  possesses  a similar  doublet,  as 
well  as  a small  lower-energy  feature  at  81.2  meV 
due  to  the  vibrations  of  the  o-site  H (Ho) 
atoms.  Near  this  upper  /3- phase  boundary, 
there  are  indications  that  the  Ho  atoms  develop 
a short-range-ordered  arrangement  akin  to  the 
long-range  (/4/mmm)  order  expected  for  the 
hypothetical  cubic  YH2.25  stoichiometry,  in 


which  only  every  fourth  (042)  cv-site  plane  is  oc- 
cupied by  hydrogen.  This  behavior  is  consistent 
with  the  low-temperature  vibrational  spectra 
of  the  Ho  atoms  in  /3-YH2.03  and  /3-YH2.10  in 
Fig.  2.  The  Ho  spectra  display  a concentration 
dependence  similar  to  those  for  the  superstoi- 
chiometric dihydrides  of  Tb  and  La.  In  all  these 
systems,  the  Ho  DOS  is  found  to  be  sensitive  to 
the  temperature-  and  concentration-dependent 
arrangement  of  the  Ho  atoms  in  the  o-site 
sublattice.  For  x = 2.03,  the  low-concentration 
Ho  atoms  are  predominantly  isolated  in  a local 
cubic  environment  and  possess  a sharp  DOS. 
Minor  sideband  contributions  are  attributed  to 
the  small  fraction  of  Ho  atoms  that  participate 
in  small  clusters  of  short-range  order  at  this 
Ho  concentration.  As  x increases  to  2.10,  the 
extent  of  the  short-range  order  increases,  as 
evidenced  by  the  growth  of  the  sidebands  with 
respect  to  the  central  feature. 

In  actuality,  for  H concentrations  above  x = 
2.10,  7-phase  YH3  precipitates  out,  reverting  to 
an  hep  metal  lattice,  which  is  typical  of  the  other 
heavier  rare-earth  trihydride  systems.  Neutron 
powder  diffraction  (NPD)  results  for  YD3  indi- 
cate a PS  cl  structure  in  which  the  D atoms  oc- 
cupy imusual  interstitial  positions  of  a c-axis- 
elongated  hep  metal  lattice,  instead  of  the  more 
conventional  o and  t sites  (see  Fig.  3).  The  Do 
atoms  are  displaced  vertically  toward  the  metal 
planes  from  their  ideal  o-site  positions,  with  one- 
third  and  two-thirds  of  the  atoms  located  at  in- 
plane (ml)  and  near- plane  (m2)  three- fold  posi- 
tions, respectively.  The  Dt  atoms  are  displaced 
horizontally  also  in  a correlated  fashion  to  ac- 
comodate the  presence  of  the  D^^^  atoms.  The 
7-YH3  spectrum  in  Fig.  1 shows  the  complex- 
ity of  the  H vibrational  DOS.  A complete  mode 
assignment  of  the  spectrum  is  in  progress.  Con- 
sidering the  sizes  and  geometries  of  the  m and  t 
sites,  it  is  believed  that  the  c- axis-polarized  vi- 
brations of  the  Hm  atoms  account  for  the  lowest- 
energy  asymmetric  feature  at  57  meV. 

Unlike  YH^,  the  light  rare-earth  hydride 
LaHx  maintains  its  fee  metal  sublattice  over  the 
entire  concentration  range  2 < x <S.  This  leads 
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Figure  3.  The  displacement  of  the  D atoms  from 
(a)  the  hypothetical  ideal  o sites  defined  by  the  hep 
metal  sublattice  to  (b)  the  in-metal-plane  and  (c) 
the  near-metal-plane  m sites  in  the  actual  7- YDS 
structure. 

to  a more  complicated  phase  diagram  and  more 
significant  and  variegated  H-H  interactions  over 
this  H-concentration  range.  This  is  mirrored  by 
the  low-temperature  H vibrational  spectra  for 
the  rr-dependent  series  of  La  hydrides  in  Fig. 
4.  Upon  increasing  the  H concentration  from 
X = 2 (where  the  spectrum  reflects  only  Ht  vi- 
brations) to  X = 3,  the  Ht  DOS  (i.e.,  the  fea- 
tures above  ~80  meV)  transforms  into  a com- 
plex distribution  of  peaks  due  to  a:-dependent 
Hj-Ho  and  Hf-Hf  interactions.  Concomitantly, 
the  contributions  from  the  Ho  DOS  emerge  and 
grow  in  a way  dictated  by  a:-dependent  Ho-Ho 
interactions.  In  particular,  as  discussed  earlier 
for  the  /?-YHx  spectra  in  Fig.  2,  the  relatively 
sharp  DOS  at  70.7  meV  for  the  predominantly 
isolated  Ho  atoms  in  LaH2.o3  transforms  into  a 
broadened  bimodal  distribution  peaked  at  68.3 


meV  and  74.0  meV  for  LaH2.25-  The  latter  Ho 
DOS  is  a reflection  of  the  /4/mmm  order  which 
is  stabilized  at  low  temperature.  The  long-range 
order  in  the  Ho  sublattice  of  LaH2.25  is  accom- 
panied by  a cubic-to-tetragonal  lattice  distor- 
tion. In  this  structure,  all  nearest-neighbor  o 
sites  smrounding  the  Ho  atoms  are  vacant,  sug- 
gesting that  a repulsive  Ho-Ho  interaction  drives 
the  Ho  ordering.  Due  to  the  presence  of  signifi- 
cant x-dependent  H-H  interactions  in  these  sys- 
tems, the  local  site  symmetry  of  the  Ho  atoms 
may  no  longer  be  considered  to  be  cubic,  since 
the  positions  of  the  surrounding  Ho  neighbors 
must  also  be  included.  Consideration  of  the 
noncubic  symmetry  of  the  74/mmm-ordered  Ho 
sublattice  in  LaH2.25  and  the  relative  intensi- 
ties of  the  bimodal  peaks  leads  to  the  assign- 
ment of  the  stronger,  higher-energy  component 
to  degenerate  Ho  vibrational  modes  polarized  in 
the  ah  plane  and  the  weaker,  lower-energy  com- 
ponent to  the  orthogonal  singlet  Ho  vibrational 
mode  along  the  c direction.  This  suggests  simi- 
lar assignments  for  the  spectral  sidebands  found 
for  the  Ho  DOS  in  /3-YTl2.io  iii  Fig.  2,  except 
for  that  in  that  case  the  Ho  ordering  is  shorter- 
ranged. 

As  the  H concentration  increases  to  LaH2.50, 
the  relative  intensities  of  the  bimodal  compo- 
nents of  the  Ho  DOS  become  reversed  and  fur- 
ther broadened.  In  this  instance,  the  ideal, 
low-temperature,  long-range-ordered  structure 
as  determined  for  LaD2.50  by  NPD  has  lAl/amd 
symmetry.  The  Ho  ordering  can  be  described  as 
a repeating  sequence  of  four  (042)  o-site  planes 
comprised  of  two  adjacent  fiUed  planes  followed 
by  two  adjacent  empty  planes.  Again,  based 
on  symmetry  and  relative  intensity  arguments, 
the  stronger,  lower-energy  component  of  the  Ho 
DOS  would  be  assigned  to  the  degenerate  Ho  vi- 
brational modes  polarized  in  the  ah  plane  and 
the  weaker,  higher-energy  component  to  the  or- 
thogonal Ho  vibrational  mode  polarized  along 
the  c direction.  This  is  in  contrast  to  the  assign- 
ment in  LaH2.25,  where  the  c-axis  mode  is  the 
softer  mode. 

Figure  5 illustrates  the  effects  of  D-D  inter- 
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Figure  4.  High-resolution  vibrational  spectra  for 
LaHx  (2  < X < 3)  near  10  K. 

actions  on  the  Do  DOS  for  LaD2.5o  by  a com- 
parison with  the  Do  DOS  for  La(Ho.9Do.i)2.50- 
Similar  to  the  isotope  dilution  results  for  a- 
YHo.18  and  /?-YH2,  dilution  of  the  D atoms  with 
the  lighter  H atoms  causes  a collapse  of  the 
Do  DOS  into  a much  sharper  feature.  Again, 
this  demonstrates  the  presence  of  significant  dy- 
namic coupling  interactions  within  the  Do  sub- 
lattice of  LaD2.5o  as  the  origin  of  the  vibrational 
line  broadening. 

The  H DOS  for  LaH2.75  in  Fig.  4 is  worthy 
of  mention  due  to  the  emergence  of  unusual  fea- 
tures at  53.4,  92,  and  102  meV.  These  features 
appear  to  smear  out  or  disappear  as  the  temper- 
ature is  increased  above  the  tetragonal-to-cubic 
phase  transition  near  240  K.  Low-temperature 
NPD  measurements  of  LaD2.75  are  suggestive  of 
the  presence  of  a minor  second  phase  of  unknown 
structure  besides  a main  tetragonal  phase  pos- 
sessing long-range  Do  ordering.  Further  experi- 
ments are  imderway  to  determine  whether  these 
DOS  features  may  indeed  be  related  to  the  pres- 
ence of  some  secondary  phase. 

At  the  highest  H concentration,  LaHs,  the 
two  extremely  broad  Ho  and  Hf  components 
of  the  H DOS  in  Fig.  4 reflect  considerable 


Figure  5.  Comparison  of  the  high-resolution  Do  vi- 
brational spectra  for  LaD2.50  and  La(Ho.9Do.i)2.50  at 
10  K. 

optic-phonon  dispersion  due  to  H-H  interac- 
tions. Recent  high-resolution  NPD  measure- 
ments of  LaDs  indicate  a complex  phase  change 
involving  a probable  displacement  and/or  order- 
ing of  the  Do  atoms  below  260  K.  Quasielas- 
tic scattering  measurements  on  LaHs  at  room 
temperature  and  below  suggest  rapid  localized 
H motions  in  the  osite  interstices,  probably 
amongst  off-center  positions  along  the  [111]  di- 
rections. 

Finally,  investigations  have  been  undertaken 
in  order  to  characterize  more  carefully  the  H and 
D site  distributions  in  mixed-isotope  rare-earth 
hydrides.  In  particular,  both  NPD  and  spectro- 
scopic measurements  of  La(Hi_yDy)2.50  (0<?/ 
<1)  confirm  that  an  isotopic  enrichment  of  H 
with  respect  to  D occurs  in  the  osites  and  is 
maximized  at  low  temperature.  For  example,  for 
La(Ho.2Do.8)2.50,  Rietveld  refinements  have  indi- 
cated that  the  H/D  isotopic  ratio  in  the  o-site 
sublattice  varies  from  41/59  at  15  K to  30/70  at 
300  K and  26/74  at  400  K.  The  range  of  values  is 
significantly  different  from  the  overall  H/D  sto- 
ichiometric ratio  of  20/80.  The  physics  behind 
this  phenomenon  is  currently  being  explored. 
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Interstitial  Hydrogen  in  Ceo 

The  Ceo  lattice  has  large  interstitial  sites 
which  can  accommodate  various  molecular 
species.  Analyzing  the  behavior  of  impurity 
molecules  placed  in  these  sites  provides  infor- 
mation about  both  the  intermolecular  potential 
of  Ceo  and  the  dynamics  of  molecules  trapped  in 
confined  spaces.  For  neutron  scattering  experi- 
ments molecular  hydrogen  is  the  ideal  intersti- 
tial species  to  study.  Besides  having  the  highest 
incoherent  neutron  scattering  cross  section  free 
hydrogen  acts  as  an  ideal  quantum  mechanical 
rigid  rotor  with  the  largest  energy  spacing  be- 
tween rotational  levels  of  any  molecular  system. 
The  isotopic  shift  on  substituting  D2  for  H2  is 
also  the  largest  of  any  species. 

The  high  symmetry  of  the  hydrogen  mole- 
cule places  additional  quantum  mechanical  con- 
straints on  the  spin  statistics  governing  its  ro- 
tational behavior.  Molecular  hydrogen  comes 
in  two  forms,  ortho-hydrogen  which  has  a to- 
tal nuclear  spin  of  1 and  para-hydrogen  which 
has  a spin  of  0.  Due  to  the  principle  of  indis- 
tinguishability  the  overall  wavefunction  must  be 
anti-symmetric.  This  constrains  ortho-hydrogen 
to  stay  in  a state  for  which  the  rotational  quan- 
tum number  J is  odd  while  para-hydrogen  must 
have  J even.  Due  to  the  extremely  slow  con- 
version rate,  a system  cooled  to  low  tempera- 
tures maintains  its  room  temperature  ortho  to 
para  ratio.  At  4.2  K ~ 75%  of  the  molecules 
are  in  the  J = 1 state  and  25%  in  the  J = 0 
state.  That  the  system  is  far  from  thermal  equi- 
librium proves  very  advantageous  in  performing 
low  temperature  neutron  energy  gain  measure- 
ments. 

Experimentally  the  sample  consists  of  10  g of 
commercially  obtained  (MER  Corporation)  pure 
Ceo  powder,  sealed  inside  a high  pressure  alu- 
minum cell.  The  system  is  evacuated  and  hydro- 
gen gas  is  directly  introduced  from  a standard 
cylinder  at  ~ 2000  psi.  This  pressure  is  main- 
tained for  5 hours  while  the  sample  is  heated 
to  a temperature  of  330  K.  The  sample  is  then 
cooled  below  150  K.  The  interstitial  H2  is  now 
“frozen”  inside  the  Ceo  lattice  and  any  free  gas 


is  pumped  away. 

Diffraction  data  are  obtained  on  a sam- 
ple loaded  with  D2  using  the  32-detector 
high-resolution  powder  diffractometer  on  BT-1. 
Scans  are  taken  over  a period  of  24  hours  with 
the  sample  temperature  maintained  at  10  K and 
the  diffractometer  operating  at  a wavelength  at 
1.54  A.  The  low  temperature  Pa3  phase  of  Ceo 
has  two  tetrahedral  and  one  octahedral  inter- 
stitial sites  per  molecule.  Previous  experiments 
have  shown  that  He,  Ne,  H2,  N2,  H2O,  and  O2 
all  enter  into  the  Ceo  lattice  interstitially  [3-5]. 
NMR  work  has  confirmed  that  at  least  in  the 
case  of  interstitial  O2  the  octahedral  site  is  occu- 
pied exclusively  [3]  . In  our  case  the  locations  of 
the  D2  molecules  are  determined  by  neutron  dif- 
fraction. A Rietveld  refinement  of  the  diffraction 
pattern  taken  at  10  K shows  that  42  % of  the  oc- 
tahedral sites  are  fiUed  with  randomly  oriented 
D2  molecules.  This  is  in  good  agreement  with 
outgassing  results  which  show  that  for  every  Ceo 
molecule  there  are  0.4  molecules  of  D2.  There  is 
no  evidence  for  any  occupancy  of  the  tetrahedral 
sites. 

Incoherent  inelastic  neutron  scattering  data 
are  obtained  using  the  Fermi-chopper  time-of- 
fiight  (TOF)  spectrometer  operating  with  a 
wavelength  of  4.8  A.  The  data  are  taken  for  the 
same  sample  in  the  same  cell,  and  prepared  un- 
der the  same  conditions  as  those  of  the  diffrac- 
tion study.  Figure  6 shows  the  TOF  data  taken 
in  energy  gain  and  integrated  over  all  detectors 
covering  a Q range  from  2 to  4 A~^.  The  sample 
temperature,  30  K,  is  such  that  at  15  meV  the 
energy  gain  side  of  the  spectrum  should  be  sup- 
pressed by  a factor  of  more  than  10^  relative  to 
the  energy  loss  side.  Practically  this  is  very  use- 
ful since  there  is  essentially  no  scattering  from 
the  Ceo  th®  sample  cell  whereas  the  lack  of 
ortho  to  para  conversion  for  H2  molecules  means 
that  scattering  associated  with  the  J=1  to  J=  0 
transition  is  not  suppressed  at  all.  The  peak 
in  the  spectrum  shown  in  Fig.  6 is  fitted  to  a 
resolution  limited  Gaussian  profile  of  width  1.4 
meV  centered  at  14.2  meV.  This  peak  position 
corresponds  to  a shift  of  3.4%  from  that  of  free 
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Figure  6.  Time-of-flight  energy  gain  spectrum  of 
interstitial  H2  in  Ceo-  The  data  are  taken  at  30  K. 

hydrogen  which  is  centered  at  14.7  meV  [6].  The 
relatively  small  shift  in  energy  from  that  of  the 
idealized  rigid  rotor  implies  that  the  interstitial 
hydrogen  is  rotationally  quite  free.  However  the 
sharpness  of  the  peak  and  the  fact  that  there  is 
no  shift  in  the  peak  position  with  Q confirm  that 
the  H2  molecule  is  translationally  boimd  to  the 
lattice. 

Figure  7 shows  the  temperature  dependence 
of  the  energy  gain  spectrum.  Each  curve  is  ob- 
tained by  subtracting  the  results  for  a pure  Ceo 
sample  at  the  same  temperature.  The  main  peak 
shows  no  apparent  shift  in  position  with  tem- 
perature while  broadening  from  a FWHM  of  1.4 
meV  at  30  K to  4.2  meV  at  200  K.  In  addi- 
tion to  the  main  peak  all  the  higher  tempera- 
ture spectra  show  a secondary  peak  centered  at 
28.0  meV.  This  corresponds  to  the  J=2  to  J=1 
rotational  transition  which  occurs  at  29.4  meV 
in  free  hydrogen.  Since  the  J=2  state  is  neither 
the  ground  state  for  ortho  or  para-hydrogen,  it 
is  not  thermally  populated  at  30  K and  the  tran- 
sition is  not  observed  in  the  lowest  temperature 
spectrum. 

D2  having  twice  the  mass  of  H2  but  the  same 


Figure  7.  The  temperature  dependence  of  the  en- 
ergy gain  spectriun  for  interstitial  H2  in  Ceo- 

internuclear  separation  has  a rotational  constant 
which  is  half  that  of  H2,  and  therefore  its  J=1 
to  J=  0 transition  occurs  at  7.35  meV.  The  in- 
tensity of  the  D2  transition  is  predicted  to  be 
reduced  by  a factor  of  27  relative  to  that  of  H2. 
Figure  8 shows  TOF  data  for  a C6o(D2)o.4  sam- 
ple taken  at  10  K.  The  transition  is  now  split 
into  a doublet  with  peaks  centered  at  7.4  and  6.7 
meV.  Both  peaks  are  resolution  limited,  having 
widths  of  0.6  and  0.5  meV  respectively.  Their 
relative  intensities  are  identical  to  within  3%. 

The  fact  that  the  D2  sample  shows  a splitting 
in  its  peak  while  the  H2  does  not  is  somewhat 
surprising.  Symmetry  arguments  show  that  an 
octahedral  potential  is  not  sufficient  to  cause  a 
splitting  in  the  mj  levels  of  the  J =1  rotational 
level.  However,  since  the  Ceo  molecules  are  not 
truly  spherical,  the  interstitial  molecules  experi- 
ence a potential  which  is  of  a slightly  lower  sym- 
metry than  octahedral  and  in  fact  corresponds 
to  the  full  Pa3  symmetry  of  the  lattice.  This 
could  in  principle  cause  a splitting  in  the  m j lev- 
els. However  numerical  calculations  show  that 
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Figure  8.  Time-of-flight  energy  gain  spectrum  of 
interstitial  D2  in  Ceo-  The  data  are  taken  at  lOK. 


in  concrete.  However  the  kinetics  of  the  reac- 
tion and  even  the  specific  mechanisms  are  not 
completely  miderstood.  The  chemical  reaction 
is  represented  using  cement  terminology  by 

CSS  + XH2O  YCSH  + ZCa(OH)2  (1) 

where  X,  Y,  Z are  all  unknown  and  CSH  is  the 
final  amorphous  product  of  calcium  silicate  hy- 
drate which  has  a variable  composition  and  sto- 
chiometry. 

Neutron  scattering  provides  a direct  method 
for  quantifying  the  conversion  of  free  water  to 
bound  water  during  the  above  reaction.  For 
a given  value  of  the  scattering  vector,  Q,  the 
quasi-elastic  energy  transfer  spectrum  can  be  de- 
scribed, in  the  simplest  model,  by  the  sum  of  a 
Gaussian  function,  representing  elastic  scatter- 
ing from  fixed  hydrogen,  and  a single  Lorentzian 
function  representing  the  scattering  from  trans- 
lationally  “free”  water  molecules.  The  incoher- 
ent scattering  function  then  has  the  form: 


the  splitting  for  H2  should  be  comparable  to  that 
of  D2.  An  alternate  explanation  is  that  the  split- 
ting in  the  D2  case  occurs  through  the  accidental 
degeneracy  of  the  rotational  level  with  the  Ti^^ 
phonon  mode  of  the  Ceo  lattice  which  is  centered 
at  6.8  meV. 

Future  work  will  focus  on  testing  these  hy- 
potheses by  examining  the  excited  state  rota- 
tional transitions  of  Ceo (02)0.4  and  the  eflFects  of 
hydrostatic  pressure  on  the  ground  state  tran- 
sition of  Ceo(H2)o.4-  Knowledge  of  the  precise 
transition  energies  should  contribute  to  a de- 
tailed model  of  the  carbon-hydrogen  interactions 
in  this  material. 

The  Hydration  Reaction  During  Ce- 
ment Curing 

The  reaction  mechanism  between  tricalcium 
sihcate  (C3S)  and  water  is  the  principal  factor 
in  the  setting  and  hardening  of  Portland  cement. 
Given  its  importance,  this  reaction  has  been 
studied  by  a number  of  investigators  in  order  to 
predict  accurately  the  development  of  strength 


Sine  (Q? 


+B 


r 

TT  (r^  -h  a;2) 


(2) 


where  A is  the  number  density  of  boimd  hydro- 
gen atoms,  B is  the  number  density  of  transla- 
tionally  free  hydrogen  atoms  (all  of  which  are 
assumed  to  be  in  the  form  of  water),  F is  the 
Lorentzian  full  width  at  half  maximum,  and  the 
Gaussian  standard  deviation  a is  determined  by 
the  resolution  of  the  spectrometer. 

The  experimental  data  are  fitted  to  the  func- 
tion in  Eq.  2 and  the  free  parameters  A,  B,  and 
r are  extracted.  We  then  defiine  a free  water 
index  (FWI);  FWI  = B/(A  -H  B)  . The  FWI 
represents  the  fraction  of  water  molecules  which 
are  still  liquid-like  free  water  on  a neutron  time 
scale  of  ~ 10“^^  s.  The  FWI  initially  starts  off 
at  unity  as  the  water  and  cement  are  mixed  and 
then  decreases  with  time  as  the  cement  cures. 
The  free  water  is  principally  consumed  either 
through  the  molecules  binding  into  the  final  gel- 
like structure  of  the  CSH  cement  or  through  the 
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water  chemicaly  reacting  to  form  calcium  hy- 
droxide. 

The  quasi-elastic  measurements  are  p>er- 
formed  using  the  Fermi  chopp>er  time-of-flight 
spectrometer  op)erating  with  an  incident  wave- 
length of  4.8  A.  The  CSS  powder  obtained  from 
CTL  laboratories  is  mixed  with  distilled  water 
to  produce  a paste  with  a 0.4  water/cement  ra^ 
tio  by  weight.  This  is  spread  into  a 0.5  mm 
thick  layer  on  an  aluminum  cell  which  is  then 
sealed.  The  sample  is  maintained  at  a constant 
temperature  throughout  the  experiment.  The 
results  are  averaged  into  30  minute  slices  with 
data  being  taken  continuously  for  the  first  36 
hours  and  thereafter  at  selected  times  for  up  to 
60  days.  The  hydration  results  for  samples  cured 
at  20,  30  and  40  °C  are  shown  in  Fig.  9.  As  ex- 
pected all  three  curves  start  with  an  initial  FWI 
of  unity.  In  each  case  the  FWI  decreases  slowly 
at  first  but  is  followed  by  a sudden  sharp  drop 
in  the  amount  of  free  water.  The  rapid  decrease 
occius  after  -^15  % of  the  free  water  has  been 
consumed.  The  duration  of  the  delay  p>eriod  de- 
pends on  temperature  varying  from  5 hours  at 

40  °C,  to  19  hours  at  30  °C,  and  extending  to 
as  long  as  33  hours  at  20  °C. 

The  rapid  decrease  in  the  FWI  could  occur 
either  through  the  sudden  incorporation  of  wa- 
ter into  the  CSH  gel  structure  or  through  a sharp 
increase  in  the  formation  of  calcium  hydroxide. 
The  presence  of  calcimn  hydroxide  can  be  de- 
termined through  neutron  inelastic  spectroscopy 
since  it  has  a distinctive  excitation  centered  at 

41  meV.  Neither  our  initial  C3S  powder  nor  the 
final  CSH  product  has  a peak  in  this  energy  re- 
gion. Thus  by  continually  taking  inelastic  spec- 
tra for  the  curing  cement  sample  and  mapping 
out  the  growth  in  the  41  meV  peak  we  can  mon- 
itor the  formation  of  calcium  hydroxide.  Figure 
10  shows  the  results  of  such  an  analysis.  With 
the  sample  maintained  at  20  °C  inelastic  spectra 
are  taken  every  hour  using  the  BT4  filter  ana^ 
lyzer  spectrometer.  The  data  clearly  show  that 
the  sudden  drop  in  the  FWI  is  caused  by  the 
onset  of  calcium  hydroxide  formation. 

Theoretical  arguments  suggest  that  the  on- 
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Figure  9.  The  hydration  of  C3S  as  measured  by  the 
fraction  of  free  water. 
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Figure  10.  A comparison  of  calcium  hydroxide 
formation  as  measured  by  inelastic  neutron  spec- 
troscopy with  the  changes  in  the  free  water  index 
during  the  hydration  of  CSS. 
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Figure  11.  The  effect  of  environmental  conditions 
on  the  hydration  of  C3S. 

set  of  calcium  hydroxide  formation  may  be  con- 
trolled by  the  changing  pH  of  the  cement  paste 
[7].  It  has  been  speculated  that  the  presence 
of  CO2  in  air  increases  the  number  of  carbon- 
ate ions  in  the  cement  paste,  which  in  turn  act 
as  a buffer  preventing  the  pH  from  rising  to  a 
point  where  calcium  hydroxide  is  formed.  To 
investigate  this  possibility  we  mixed  and  sealed 
the  samples  in  a pure  N2  atmosphere.  Figure  11 
shows  the  dramatic  difference  between  samples 
mixed  in  N2  as  opposed  to  air.  The  N2-mixed 
sample  has  its  FWI  decreasing  much  earlier  than 
air  mixed  samples,  however  the  two  do  converge 
to  a similar  FWI  after  several  weeks. 

From  these  results  the  following  picture  of 
CSS  hydration  emerges.  Hydration  commences 
almost  immediately  after  mixing.  The  initial 
rate  is  quite  temperature  dependent,  suggesting 
that  it  is  controlled  by  a diffusion  process.  After 
a delay  period  which  varies  from  several  hours  to 
a few  days  depending  on  temperature  the  con- 
sumption of  free  water  suddenly  increases.  This 
occurs  due  to  the  onset  of  calcium  hydroxide  for- 
mation. The  delayed  formation  of  calcium  hy- 
droxide is  a somewhat  surprising  result  which 
is  not  apparent  in  more  traditional  techniques 
such  as  isothermal  calorimetry  [8].  The  large 


difference  in  results  between  N2  and  air  mixed 
samples  strengthens  the  case  for  a strong  de- 
pendence on  carbonate  concentration.  This  will 
be  pursued  in  future  experiments  in  which  we 
plan  to  systematically  vary  the  CO2  concentra- 
tion of  the  mixing  environment,  while  measuring 
directly  the  pH  of  the  curing  sample. 

Neutron  Scattering  Studies  of  Disor- 
dered Carbon  Anode  Materials 

In  recent  years,  considerable  progress  has 
been  made  in  the  development  of  rechargeable 
lithium  batteries.  Early  problems  with  safety 
and  limited  cycle  life  were  solved  by  replac- 
ing the  hthium  metal  anode  with  hthium  in- 
tercalation compounds  such  as  LiW02  or  LiCe 
(lithiiun-graphite),  for  which  the  chemical  po- 
tential of  the  intercalated  Li  is  close  to  that  of 
Li  metal.  Layered  materials  hke  LiNi02  and 
LiCo02,  which  have  potentials  of  about  4 V 
against  Li,  are  used  as  cathodes.  Lithium  ions 
then  shuttle  back  and  forth  through  an  elec- 
trolyte to  intercalate  either  the  cathode  or  the 
anode  host,  respectively  as  the  battery  is  dis- 
charged or  charged. 

Carbon-based  anodes  show  the  most  promis- 
ing properties  in  lithium-ion  batteries.  In  order 
to  maximize  the  stored  energy  per  unit  mass,  it 
is  important  to  determine  which  types  of  car- 
bon react  reversibly  with  the  largest  amount 
of  lithium.  Carbons  prepared  by  heating 
soft-carbon  precursors  to  temperatures  above 
2400°  C are  well  graph! tized  and  show  Li  up- 
take capacity  corresponding  to  350  mAh/g 
of  carbon  (for  comparison,  crystalline  LiCe  cor- 
responds to  372  mAh/g).  On  the  other  hand, 
materials  obtained  by  pyrolyzing  organic  solids 
in  inert  gas  at  T < 700  °C  exhibit  surprisingly 
large  capacities  reaching  almost  900  mAh/g  [9]. 
It  was  realized  that  carbons  prepared  at  these 
temperatures  contain  substantial  residual  hy- 
drogen, and  an  empirical  correlation  between  Li 
capacity  and  H concentration  was  foimd,  sug- 
gesting a limiting  value  of  one  “excess”  Li  per  H 
[91. 
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Figure  12.  Differential  correlation  functions  D(rj  of 
disordered  carbons  DC650  (solid  curve)  and  DC  1000 
(dashed  curve).  The  upper  sohd  curve  represents 
graphite  D(r),  origin  shifted  vertically  for  clarity. 

The  high  capacity  materials  display  only 
weak  and  broad  peaks  in  x-ray  diffraction.  It 
is  believed  that  carbon  atoms  form  planar  aro- 
matic structures  (called  graphene  sheets)  that 
are  terminated  with  H atoms  at  their  edges.  The 
x-ray  data  suggest  that  there  are  regions  where  3 
to  10  of  these  sheets  are  stacked  in  a more  or  less 
parallel  fashion,  separated  by  regions  that  may 
consist  of  buckled  single  layers  of  tetrahedrally 
bonded  carbon. 

We  have  employed  a variety  of  neutron  scat- 
tering techniques  to  study  the  composition,  lo- 
cal structure  and  vibrational  d5mamics  of  sev- 
eral disordered  carbon  anode  materials  [10]. 
Samples  were  synthesized  by  pyrolyzing  epoxy 
Novolac  resin  poly[(phenyl  glycidyl  ether)-co- 
formaldehyde]  at  650  °C  (denoted  DC650)  and 
at  1000  °C  (DClOOO),  and  a commercial  bjqjrod- 
uct  of  coal  tar  pitch  processing  (denoted  NTIO) 
was  also  studied.  Standard  anal5dical  methods 
(e.g.  combustion)  as  well  as  prompt  gamma  acti- 
vation analysis  (PGAA)  were  used  to  determine 
the  hydrogen  content.  The  atomic  ratios  H/C 
in  DC650,  DClOOO  and  NTIO  were  found  to  be 
0.24  ±0.01,  0.04  ±0.01,  and  0.38  ±0.01,  respec- 
tively. 

The  local  structure  of  these  materials  was 
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Figure  13.  Inelastic  neutron  scattering  spectra  of 
the  disordered  carbon  NTIO  (hydrogen  content  28 
at.%),  coronene,  and  polyethylene,  measured  at  16K 
using  the  Be  filter  spectrometer.  The  spectra  are 
offset  vertically  for  clarity. 

studied  by  radial  distribution  function  (RDF) 
analysis  of  pulsed  time-of-flight  neutron  diffrac- 
tion data.  This  part  of  the  work  was  carried  out 
at  IPNS  (Argonne  National  Laboratory)  using 
the  Glass-Liquid-Amorphous  Material  Diffrac- 
tometer (GLAD).  The  experimental  pair  corre- 
lation functions  of  the  disordered  carbons  are 
quite  similar,  most  peaks  occurring  at  the  same 
position  as  in  graphite  (Fig.  12),  thus  confirm- 
ing the  hexagonal  planar  local  motif  and  sp^- 
hybridized  carbon  network  [10].  The  peak  in- 
tensities are  weaker  than  in  graphite  and  vanish 
with  increasing  interatomic  distances  (>  6 A) 
due  to  the  finite  size  of  graphene  fragments. 

Based  on  results  of  semiempirical  and  ab 
initio  quantum  mechanical  calculations,  a sec- 
ond mechanism  for  Li  uptake  was  proposed  [11]. 
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Figure  14.  The  comparison  of  calculated  S(Q,cj) 
of  coronene  and  ovalene  with  the  inelastic  scattering 
spectrum  of  the  DC650  carbon  (19  at.%  hydrogen), 
measured  with  the  Be/graphite  filter. 

The  calculations  predict  that  in  parallel  with 
the  usual  lithium  intercalation  (interstitial  Li 
centered  over  a carbon  ring)  Li  also  binds  co- 
valently to  H-terminated  carbon  atoms  on  the 
edge  of  a graphene  fragment.  However,  the 
bonding  mechanism  will  only  be  operative  if  the 
edge  carbons  are  saturated  with  one  proton;  two 
edge  protons  would  result  in  a chemically  inert 
methylene  moiety  >CH2. 

In  order  to  probe  the  local  hydrogen  envi- 
ronment at  the  edges  of  graphene  fragments,  in- 
elastic neutron  scattering  experiments  were  per- 
formed using  the  filter- analyzer  neutron  spec- 
trometer installed  on  the  beam  tube  BT-4  of 
the  NIST  reactor.  Since  the  vibrational  modes 
involving  H motions  depend  on  the  molecular 
geometry,  in  addition  to  the  anode  materials 
we  also  measured  the  molecular  solid  coronene 
(a  hexagonal  shaped  aromatic  molecule  C24H12) 


E(meV) 

Figure  15.  Inelastic  neutron  scattering  spectra  of 
DC650  before  and  after  hthium  doping,  measured  at 
16K  usmg  the  Be  filter.  The  latter  is  shifted  verti- 
cally for  clarity. 

which  is  a typical  representative  of  polycycHc 
aromatic  hydrocarbons  with  a single  proton  per 
edge  carbon,  and  polyethylene  (-CH2-)n  pro- 
vided the  information  on  the  methylene  group 
modes. 

Figure  13  shows  the  inelastic  scattering  spec- 
tra of  the  highly  hydrogenated  carbon  NTIO, 
coronene  and  polyethylene,  measured  at  16  K 
(the  data  were  renormalized  to  approximately 
the  same  hydrogen  content).  There  is  clearly 
a very  good  correspondence  between  the  spec- 
tra for  NTIO  and  coronene,  and  both  are  quite 
dissimilar  to  polyethylene.  The  scattering  spec- 
trum of  coronene  was  calculated  using  ab  ini- 
tio and  semiempirical  methods,  and  the  vibra- 
tional modes  were  identified.  The  intense  peaks 
between  90  and  125  meV  correspond  to  modes 
that  involve  C-H  bending  out  of  the  molecular 
plane,  the  adjacent  hydrogens  moving  in  differ- 
ent relative  phases.  The  broader  maximum  near 
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140  meV  originates  from  C-H  in- plane  bending 
vibrations.  Similar  assignments  can  be  made 
for  the  features  observed  in  NTIO.  There  are 
also  several  smaller  but  well  defined  peaks  in 
coronene  below  90  meV.  These  represent  the 
molecular  skeleton  deformations  (mainly  C-C-C 
bond  angle  bending).  In  contrast,  the  methylene 
groups  produce  peaks  in  the  spectrum  of  poly- 
ethylene which  correspond  to  the  well-known 
CH2  rocking,  twisting  and  wagging  vibrations. 
These  experiments  have  convincingly  confirmed 
that  the  amount  of  CH2  groups  in  our  carbon 
samples  is  small. 

In  Fig.  14,  we  compare  the  scattering  spec- 
trum of  DC650  with  a calculated  S(Q,lj)  for 
coronene  and  a larger  aromatic  hydrocarbon, 
ovalene  (C32H14).  Due  to  their  different  edge 
topologies,  the  theory  predicts  small  changes 
mainly  in  the  relative  intensities  of  peaks  in  the 
90-125  meV  region.  Such  differences  are  indeed 
observed  between  NTIO  and  DC650,  although 
the  peaks  are  at  almost  identical  frequencies. 
The  scattering  from  the  DC 1000  carbon  was 
very  similar  to  DC650,  albeit  with  much  smaller 
intensity  due  to  the  lower  H content.  We  con- 
clude that  the  low-T  pyrolyzed  disordered  car- 
bons can  be  reasonably  well  modeled  as  a distri- 
bution of  large  polyaromatic  hydrocarbons. 

Experiments  to  investigate  the  effects  of  Li- 
doping have  been  initiated.  The  samples  were 
doped  electrochemically,  using  Li  metal  elec- 
trode and  nonaqueous  electrolytes.  The  best 
doping  was  achieved  in  the  DC650  material,  to 
a final  C/Li  ratio  slightly  more  then  3 (the  pres- 
ence of  Li  was  confirmed  by  PGAA).  The  inelas- 
tic neutron  scattering  spectra  for  both  undoped 
and  Li-doped  DC650  are  shown  in  Fig.  15.  The 
first  strong  maximum  in  the  doped  sample  ap- 
pears downshifted  by  2-3  meV  and  broadened 
relative  to  the  imdoped  carbon.  A very  simi- 
lar effect  is  observed  in  polyacetylene,  and  can 
be  explained  by  charge  transfer  from  the  dopant 
to  the  host.  Theoretical  calculations  show  that 
more  pronounced  changes  can  be  expected  in  the 
frequency  range  below  40  meV.  Together  with 
the  ongoing  structural  analysis,  further  inelas- 


tic scattering  measurements  on  the  fermi  chop- 
per spectrometer  are  planned  to  explore  the  low- 
frequency  dynamics  of  these  materials. 

Elect  rides 

Electrides  and  alkalides  are  crystalline  ionic 
salts  in  which  the  anion  is  either  a bare  electron 
or  a negatively  charged  alkali  metal.  A non- 
reducible macrocyclic  organic  complexant  en- 
capsulates the  cationic  alkali  metal  and  prevents 
recombination  of  the  anionic  electron  with  the 
alkali  metal.  Complexants  used  so  far  have  been 
crown  ethers  (formula:  ((CH2)20)6),  which  pair 
to  form  a cation  sandwich,  and  cryptands  (for- 
mula: N((CH2)20(CH2)20(CH2)2)3N),  which 
hide  the  cation  within  their  own  cage  [12]. 

Crystallographic  studies  of  several  forms  of 
electride  indicate  that  in  nearly  all  cases  the 
cationic  complexes  order  in  such  a way  that  sys- 
tems of  intercormected  cavities  are  formed,  in 
which  the  anionic  electrons  have  been  shown  to 
be  confined  [13].  These  void  spaces  are  continu- 
ous throughout  the  crystal  and  are  largely  re- 
sponsible for  the  interesting  properties  of  the 
electrides.  Although  electrides  sometimes  be- 
have as  ordinary  salts,  there  is  evidence  that  the 
electrons  trapped  in  the  interstitial  cavities  can 
interact  (and  in  some  cases  become  delocalized) 
by  means  of  the  pores  connecting  the  cavities, 
resulting  in  enhanced  transport  and  unusual  op- 
tical and  magnetic  properties.  Electrides  thus 
provide  a unique  laboratory  in  which  the  inter- 
actions of  electrons  in  solids  can  be  studied. 

Recent  IR  and  Raman  spectroscopic  mea- 
surements suggest  that  the  trapped  electrons 
may  interact  with  vibrational  motions  in  the 
crystal.  We  have  therefore  undertaken  neutron 
vibrational  spectroscopic  measurements  of  al- 
kalide  and  electride  potassium  cr5q)tand  com- 
plexes in  order  to  examine  the  interaction  of 
the  trapped  electrons  with  phonons  in  the  crys- 
tal and  internal  modes  of  the  complexant.  If 
the  trapped  electrons  did  indeed  couple  to  the 
crystal  vibrations,  some  or  all  of  the  observed 
modes  should  exhibit  shorter  lifetimes,  mani- 
fested as  broader  inelastic  peaks  measured  in  the 
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Figure  16.  Low  frequency  vibrational  density  of 
states  of  the  alkalide  K'^(C222)K“  and  electride 
K‘*‘(C222)e“.  Above  ~15  meV,  the  vibrational  spec- 
tra are  virtually  identical  for  both  compounds.  In- 
set: Structure  of  the  K "^(0222 ) cryptand  cation.  The 
potassium  ion  is  encapsulated  within  a cage  formed 
by  the  three  (CH2)20(CH2)20(CH2)2  legs  of  the 
cr>q)tand  which  are  joined  at  the  poles  by  nitrogen 
atoms. 

electride  compared  with  those  in  the  alkalide. 
Filter  analyzer  measurements  of  the  vibrational 
density  of  states  (VDOS)  of  both  materials  at 
15  K revealed  that,  above  15  meV,  the  spec- 
tra are  virtually  identical  and  no  such  broaden- 
ing is  observed.  Neutron  time  of  flight  spectro- 
scopic measurements  (Fig.  16),  measured  un- 
der nearly  the  same  conditions,  show  that  below 
15  meV  the  VDOS  exhibit,  marked  differences 
which  could  in  fact  be  attributed  to  electronic 
coupling  vdth  low-frequency  motions. 

Efforts  are  currently  underway  to  understand 
the  high  and  low  frequency  vibrational  spec- 
troscopy of  these  systems.  Ab-initio  molecular 
dynamics  calculations  on  an  isolated  potassium 
cryptand  complex  using  the  Gaussian94  soft- 
ware package  qualitatively  reproduce  the  fea- 
tures of  the  measured  VDOS  above  15  meV 
and  demonstrate  considerable  promise  for  the 
assignment  of  the  observed  internal  modes.  In 
the  low  frequency  reqion,  the  differences  be- 
tween the  electride  and  alkalide  spectra  could 


be  attributed  to  electronic  coupling  with  lattice 
modes,  internal  modes,  or  combinations  of  the 
two.  As  the  structures  of  the  two  specimens  are 
very  similar,  one  would  expect  that  differences  in 
the  spectra  are  due  more  to  contributions  from 
the  internal  modes  than  from  the  lattice  modes. 
In  any  case,  more  theoretical  work  is  needed  to 
separate  these  contributions. 
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This  year  has  been  a particularly  exciting  one 
with  the  restart  of  the  NBSR  at  the  beginning 
of  the  fiscal  year,  giving  us  a full  year  of  neutron 
scattering  experimentation.  All  the  instruments 
saw  an  increase  in  flux  over  previous  reactor  cy- 
cles because  of  the  return  to  full  20MW  oper- 
ations, as  well  as  an  increase  in  thermal  neu- 
tron instrument  capabilities  due  to  various  im- 
provements installed  during  the  long  shutdown. 
The  cold  neutron  instruments  saw  a dramatic 
improvement  in  intensity  with  the  installation 
of  the  new  liquid  hydrogen  cold  source,  as  de- 
tailed elsewhere  in  this  report.  However,  the 
most  exciting  news  regards  the  inauguration  of 
two  new  cold  neutron  instruments,  the  cold  neu- 
tron triple  axis  instrument  (SPINS)  and  the  cold 
neutron  reflectometer  (NG-1).  Both  have  polar- 
ized beam  capabihties,  and  they  are  opening  up 
new  regimes  to  explore.  We  anticipate  that  our 
area  of  research  will  make  extensive  use  of  these 
new  capabilities  in  the  years  to  come.  Several 
highlights  of  research  during  the  past  year  are 
summarized  below. 

Magnetizing  a Quantum  Spin  Chain 

The  cold  neutron  spectrometer  SPINS  has 
enabled  new  types  of  experiments  in  magnetism 
at  NIST,  in  particular  experiments  that  probe 
spin  dynamics  in  high  magnetic  fields  at  ener- 
gies equal  to  or  less  than  the  energy  scale  (Zee- 
man  energy)  set  by  the  magnetic  field.  The 
first  such  experiment  was  carried  out  on  a 
one-dimensional  spin--^  antiferromagnet  called 
Copper-Benzoate[l] . With  an  exchange  con- 
stant J=1.57  meV,  a laboratory  field  of  H=7 
T represents  a large  perturbation  on  magnetism 
in  Copper  Benzoate.  Nonetheless,  the  magnetic 
bandwidth  in  this  system  is  large  enough  that 
a cold  neutron  triple  axis  spectrometer  such  as 
SPINS  can  resolve  details  of  the  excitation  spec- 
trum. Thus  the  experiment  was  able  to  probe 
the  dynamic  spin  correlation  function  of  a quan- 
tum antiferromagnet  in  an  unusual  and  Interest- 


Figure  1.  Constant  energy  scans  at  ha;  = 0.2  meV 
for  various  values  of  applied  magnetic  field  in  the  one 
dimensional  spin  ^antiferromagnet  Copper  Benzoate 
(J  = 1.47mev).  The  data  come  from  the  SPINS  triple 
axis  spectrometer  operated  with  coarse  coUimation 
and  fixed  final  energy  2.5  meV.  The  lines  through 
the  data  were  calculated  for  propagating  resolution- 
limited  modes  with  a gap  of  0.2  meV  and  a veloc- 
ity corresponding  to  the  measured  zero  field  spinon 
velocity. 

ing  regime  of  parameter  spaceihuj  <C  ~ 

Figure  1 shows  the  main  result  of  the  exper- 
iment in  the  form  of  four  constant-energy  scans 
probing  low  energy  excitations  {hu  = 0.21  meV) 
for  different  values  of  applied  magnetic  field.  At 
zero  field  there  is  a peak  for  g = tt,  which  indi- 
cates a tendency  tow^ards  antiferromagnetic  cor- 
relations that  double  the  unit  cell.  Apphcation 
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of  a magnetic  field  leads  to  additional  low  en- 
ergy fluctuations  at  incommensurate  w’ave  vec- 
tors whose  separation  qi  from  tt  increases  in  pro- 
portion to  the  applied  field. 

To  understand  the  origin  of  this  field-induced 
length  scale  it  is  necessary  to  know  the  nature 
of  the  low  energy  excitations  in  a one- 

dimensional antiferromagnet.  Theories  and  ex- 
periment have  established  that  these  take  the 
form  of  so-called  unbound  spinons,  which  are 
weakly  interacting  spin-^  defects  in  the  resonat- 
ing valence  bond  ground  state  of  the  spin  chain. 
Application  of  a magnetic  field  lowers  the  energy 
of  a magnetized  state  containing  a finite  density 
of  such  spin  polarized  defects.  If  each  spinon 
is  an  object  and  their  mean  spacing  is  A 
then  the  average  magnetization  per  copper  atom 
is  M.=giJLQS/\.  The  characteristic  wave  vector, 

can  thus  be  written  in  terms  of  the  mag- 
netization as  Qi  = 27:/X  = 27: M/{gg.^S).  The 
solid  lines  in  Fig.  1 show  this  field-dependent 
W’ave  vector,  which  is  seen  to  track  the  posi- 
tion of  the  incommensurate  side  peak  quite  well. 
The  presence  of  this  incommensurate  soft  mode 
was  in  fact  predicted  almost  20  years  ago  using 
the  Bethe  ansatz.  Numerical  simulations  and 
theories  based  on  the  fermion  representation  of 
the  spin  chain  indicate  that  incommensurate  soft 
modes  may  be  a rather  general  non-classical  fea- 
ture of  one-dimensional  antiferromagnets.  Even 
so,  this  experiment  is  the  first  to  observe  the 
effect  in  a real  S=l/2  antiferromagnet,  a fact 
which  may  be  traced  to  the  difficulty  of  access- 
ing the  relevant  parameter  regime. 

In  addition  to  inducing  an  incommensurate 
mode,  the  field  also  produces  a gap  in  the  ex- 
citation spectrum.  The  gap  is  approximately 
0.2  meV  for  H=7  T both  at  the  commensu- 
rate and  at  the  incommensurate  wave  vector. 
This  is  at  least  an  order-of-magnitude  greater 
than  the  upper  limit  that  experiments  set  for 
any  gap  in  zero  applied  field.  Thus  there  ap- 
pears to  be  a field-induced  crossover  from  gap- 
less (and  hence  massless)  commensurate  excita- 
tions to  massive  incommensurate  excitations  in 
copper  benzoate.  Since  no  gap  was  predicted 


by  theories  for  isotropic  Heisenberg  chains,  ex- 
change anisotropies  or  perhaps  interchain  cou- 
pling may  be  important  for  explaining  this  part 
of  the  experiment. 

Experiments  are  now  underway  to  study  the 
low-energy  high-field  properties  of  other  systems 
to  examine  how  general  the  phenomenon  of  in- 
commensurate magnetized  states  is  in  quantum 
magnets  without  low-temperature  Neel  order. 

Pr  Magnetism  in  Cuprates 

The  magnetic  order  of  the  rare-earth  ions  in 
cuprate  superconductors  has  been  an  area  of  ac- 
tive interest  since  shortly  after  the  discovery  of 
this  class  of  materials.  Typically  the  rare-earth 
moments  order  at  very  low  temperature  ( 1^^), 

and  this  order  readily  coexists  wdth  supercon- 
ductivity. A singular  exception  to  this  behavior 
is  found  for  the  class  of  cuprates  that  contain  Pr, 
which  generally  are  not  even  metallic  let  alone 
superconducting.  Hence  the  physical  properties 
of  the  Pr  cuprates  have  been  studied  extensively 
in  order  to  understand  why  only  Pr  suppresses 
the  superconducting  state  while  the  other  rare 
earths  exhibit  very  little  effect.  The  magnetic 
ordering  of  the  Pr  is  also  anomalous  in  that  the 
ordering  temperatures  are  more  than  an  order- 
of-magnitude  higher  (~  IbK)  than  for  the  other 
rare-earth  systems,  indicating  much  stronger  ex- 
change and  hybridization  effects  for  the  4/  Pr 
electrons.  In  particular,  all  the  rare-earths  {R) 
that  form  the  stable  i2Ba2Cu307  structure  are 
90'^  K superconductors,  except  for  Pr  which  is 
an  insulator.  The  first  neutron  diffraction  exper- 
iments on  powder  PrBa2Cu307  revealed  a sim- 
ple antiferromagnetic  ordering  of  Pr  ions,  with 
an  ordered  moment  of  0.74  and  Neel  temper- 
ature of  17  K.  These  observations  were  in  good 
agreement  with  magnetic  susceptibility  and  spe- 
cific heat  measurements,  and  more  recent  mea- 
surements on  single  crystals  have  verified  this 
general  behavior.  The  magnetic  ordering  has 
been  studied  in  detail  in  a variety  of  related  Pr 
cuprate  compounds  as  a function  of  oxygen  con- 
centration and  as  a function  of  Y (and  other 
rare  earth)  substitution  on  the  Pr  site,  and  a 
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general  understanding  of  the  behavior  of  Pr  in 
these  cuprates  has  emerged  in  terms  of  strong 
hybridization  of  the  4/  electrons  near  the  Fermi 
level.  However,  a recent  NMR  study  has  chal- 
lenged this  conventional  picture,  and  concluded 
that  the  Pr  in  the  1-2-3  system,  and  by  ex- 
tension in  the  other  cuprates  as  well,  has  only 
a very  small  ordered  magnetic  moment  (0.017 
fjL^).  The  observed  low-T  neutron  diffraction 
peaks  would  then  originate  from  a change  in 
the  order  of  Cu  spins  rather  than  from  Pr  or- 
der. Such  a possibility  cannot  be  immediately 
excluded  by  previous  measurements  because  the 
Pr  and  Cu  moments  are  comparable  in  size,  and 
because  the  Pr  material  is  especially  sensitive  to 
small  concentrations  of  dopants  which  strongly 
affect  the  magnetism  and  may  leave  open  to 
interpretation  the  results  of  various  measure- 
ments. For  example,  in  the  growth  of  single  crys- 
tals the  magnetic  properties  were  found  to  be 
drastically  affected  by  inadvertent  contamina- 
tion from  the  crucible.  We  have  therefore  carried 
out  new  experiments  [2]  on  a high-quality  sample 
of  polycrystalline  PrBa2Cu307,  as  well  as  on  a 
single  crystal  grown  in  a crucible  that  does  not 
contaminate  the  sample.  Our  results  unambigu- 
ously demonstrate  the  development  of  the  sim- 
ple long-range  antiferromagnetic  order  for  the  Pr 
moments  in  PrBa2Cu307,  as  established  in  the 
original  studies. 

The  general  magnetic  behavior  in  the 
RBa2Cu306+x  system  is  very  interesting  as  both 
Cu  and  rare  earth  ions  can  have  magnetic  mo- 
ments. The  crystal  structure  is  essentially 
tetragonal  {a^b)  with  c^Sa,  and  there  are  three 
sets  of  Cu  layers.  Two  of  these  are  equivalent  Cu 
layers  that  have  an  oxygen  between  the  Cu  ions 
along  the  a and  b directions,  and  are  known  as 
Cu  planes.  The  other  type  of  Cu  layer,  which 
is  known  as  the  Cu  chain  layer,  has  oxygen  ions 
only  along  the  b-axis.  This  oxygen  can  be  read- 
ily removed,  and  in  the  oxygen  deficient  insu- 
lator RBa2Cu306  the  Cu  spins  in  the  planes 
order  antiferromagnetically  with  Neel  temper- 
atures (Tat)  as  high  as  525K.  The  spins  lie  in 
the  a-b  plane,  and  the  observed  magnetic  Bragg 
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Figrire  2.  Temperature  dependence  of  the  Pr  and 
Cu  magnetic  peaks  (background  is  subtracted)  for 
(a)  powder  and  (b)  single  crystal  samples.  Both 
(1/2, 1/2,1)  and  (1/2, 1/2,2)  magnetic  peaks  originate 
predominantly  from  Cu  ordering  while  the  Pr  order- 
mg  is  responsible  for  (1/2, 1/2, 1/2)  peak. 


peaks  can  be  indexed  as  (h/2,fc/2,Z),  which  is 
referred  to  as  “whole-integral”  peaks  since  I is 
an  integer.  With  appropriate  doping  either  di- 
rectly on  the  chain  site,  or  on  the  Ba  site,  the 
chain  spins  can  also  develop  an  ordered  moment 
at  low  temperatures,  and  the  observed  magnetic 
peaks  can  be  indexed  as  (h/2,  A:/2,  //2),  which  is 
referred  to  as  “half-integral”  peaks.  If  the  Cu 
spins  in  the  chains  were  to  develop  a moment, 
the  half-integral  magnetic  peaks  would  increase 
in  intensity  while  the  whole-integral  peaks  de- 
crease to  zero.  Finally,  at  low  temperatures  the 
rare-earth  ions,  which  are  located  in  the  body- 
centered  position  between  the  two  Cu  planes, 
order  antiferromagnetically. 

The  NMR  study  speculated  that  the 
new  magnetic  Bragg  peaks  that  develop  in 
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PrBa2Cu307  at  low  temperatures  originate  from 
a change  in  the  spin  structure  of  the  Cu 
planes  rather  than  from  Pr  ordering.  In  the 
present  PrBa2Cu307  samples,  new  magnetic 
Bragg  peaks  are  observed  below  13.5  K,  and  the 
temperature  dependence  of  the  (1/2, 1/2, 1/2) 
peak  is  shown  in  Fig.  2.  The  spins  in  the  Cu-0 
planes  order  at  high  T,  and  they  have  their  full 
saturated  moments  at  low  T.  Thus  to  accommo- 
date the  development  of  new  Bragg  peaks  the 
whole-integral  peaks  must  decrease  proportion- 
ately in  intensity  (and  are  in  fact  expected  to 
vanish  at  low  T).  The  temperature  dependence 
of  the  (1/2, 1/2, 1)  and  (1/2, 1/2, 2)  magnetic 
Bragg  peaks  associated  with  the  Cu  plane  order- 
ing is  shown  in  Fig.  2.  The  Neel  temperature  is 
281  K,  with  the  intensity  varying  smoothly  with 
temperature  into  the  low-T  regime.  We  then 
see  only  a very  small  anomaly  in  the  intensity 
as  the  half-integral  peaks  develop.  These  data 
therefore  rule  out  the  possibility  that  the  new 
half-integral  peaks  are  due  to  a Cu  spin  reorien- 
tation. They  also  rule  out  the  possibility  that 
the  new  Bragg  peaks  originate  from  an  ordering 
of  the  Cu  spins  in  the  chain  layer,  since  when  the 
Cu  spins  are  observed  to  order  (in  doped  sam- 
ples) the  intensities  of  the  whole-integral  peaks 
are  observed  to  decrease  to  zero.  Moreover,  the 
relative  intensities  of  the  half-integral  magnetic 
peaks  we  observe  are  qualitatively  different  than 
the  intensities  observed  when  the  Cu  chain  spins 
order. 

We  conclude  that  the  magnetic  diffraction 
data  are  only  consistent  with  the  assumption 
that  it  is  the  Pr  spins  that  are  ordering  at 
13  K.  The  small  drop  in  the  (1/2, 1/2,1)  and 
(1/2, 1/2,2)  intensities  at  low  temperature  (Fig. 
2)  is  then  the  result  of  weak  coupling  between 
the  Cu  and  Pr  spins  as  the  Pr  orders.  In  addi- 
tion, detailed  analysis  of  these  data  as  a func- 
tion of  Q strongly  suggests  on  the  basis  of  the 
magnetic  form  factor  that  these  new  peaks  arise 
predominantly  from  the  Pr  magnetic  moments, 
and  further  work  on  larger  single  crystals  is  un- 
derway. These  results  directly  contradict  the 
NMR  study,  which  claimed  that  the  Pr  ions 


in  PrBa2Cu307  have  a (non-magnetic)  Fi  sin- 
glet as  a crystal-field  ground  state  and  (essen- 
tially) no  ordered  magnetic  moment.  It  thus 
appears  that  the  conventional  picture  of  strong 
hybridization  of  the  4/  electrons  is  the  correct 
explanation  for  both  the  high  magnetic  ordering 
temperature  for  the  Pr  and  the  absence  of  metal- 
lic conduction  in  the  Pr-containing  cuprates. 

Magnetoresistive  Oxides 

The  correlated  dynamics  of  spins  and  charges 
near  the  Mott  transition  has  been  under  very  ac- 
tive investigation  recently  in  doped  lanthanum 
manganites  Lai_xAxMn03,  both  because  they 
exhibit  anomalously  large  magnetoresistance  ef- 
fects near  the  Curie  temperature,  and  because 
the  physics  of  this  class  of  materials  is  directly 
related  to  the  high-Tc  superconducting  copper 
oxides.  Like  the  cuprates,  these  materials  are 
in  the  vicinity  of  an  insulator- metal  transition, 
as  well  as  magnetic  and  structural  instabilities, 
while  to  date  no  superconductivity  has  been 
found.  Rather,  they  exhibit  exotic  properties 
such  as  a dramatic  increase  in  the  conductivity 
when  the  system  orders  ferromagnetically,  either 
by  cooling  in  temperature  or  by  applying  a mag- 
netic field.  These  dramatic  changes  in  conduc- 
tivity with  field  have  attracted  enormous  tech- 
nological interest  because  of  their  potential  use 
in  devices  such  as  read/write  heads  and  sensors. 

The  magnetic,  electrical,  and  structural 
properties  of  these  systems  were  studied  during 
the  ’50s  and  ’60s,  and  the  evolution  of  the  mag- 
netic properties  with  band  filling  was  well  ex- 
plained by  the  double  exchange  hopping  mech- 
anism. However,  the  newly  discovered  colos- 
sal magnetoresistive  (CMR)  effects  as  weU  as 
the  observed  field-induced  structural  transitions 
cannot  be  explained  within  this  model.  It  has 
been  suggested  that  an  understanding  of  these 
materials  must  include,  in  addition  to  the  dou- 
ble exchange  mechanism,  strong  electron  corre- 
lations and/or  a strong  electron- phonon  interac- 
tion. The  existence  of  strong  electron  correla- 
tions is  expected  to  affect  the  magnetic  ordering 
and  the  magnetic  excitation  spectrum,  and  thus 
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the  spin  dynamics  can  provide  crucial  informa- 
tion for  determining  the  itinerancy  of  the  system 
and  the  importance  of  the  electron  correlations. 
In  particular,  it  is  important  to  determine  how 
the  magnetic  ordering  and  spin  dynamics  evolve 
with  doping.  We  have  performed  a series  of 
diffraction  and  inelastic  scattering  experiments 
on  the  Lai-xSrxMnOs  materials  for  x=0.15  and 
0.25,  for  which  sizeable  single-crystals  can  be 
grown  by  the  floating  zone  technique.  The  mag- 
netic ordering  evolves  from  an  undoped  antifer- 
romagnetic insulating  state  to  a metallic  ferro- 
magnetic state  upon  doping.  Our  x=0.15  crystal 
showed  two  transitions  in  the  electrical  conduc- 
tivity, marking  the  onset  of  ferromagnetic  long- 
range  order  at  Tc  = 235K,  and  a weak  spin 
canting  below  Tca  = 200K.  Because  the  spin 
canting  is  very  weak,  the  system  is  a ferromagnet 
to  a fairly  good  approximation  throughout  the 
entire  magnetically  ordered  regime.  The  x=0.25 
sample  is  a pure  ferromagnet  for  all  T <Tc- 

We  have  investigated  the  spin  dynamics  in 
the  (0,1,0)  and  (0,0,1)  high-synunetry  directions 
in  the  x=0.15  system[3].  In  the  long  wavelength 
regime  the  magnetic  excitations  are  conventional 
spin- waves,  with  a dispersion  relation  given  by  E 
= Eo  + Dq^,  where  Eq  is  the  spin- wave  energy 
gap  and  D is  the  spin  stiffness  constant.  The 
spin-wave  gap  Eq  is  too  small  (<  0.05  meV)  to  be 
measured  directly  in  energy  scans  at  q = 0 with 
the  best  resolution  available  (0.04  meV  FWHM 
on  SPINS).  This  indicates  that  this  system  is 
indeed  a very  “soft”  ferromagnet,  comparable 
to  the  amorphous  metglas  materials.  However, 
the  spin  stiffness  constant  D estimated  from  low- 
energy  magnetic  excitations  has  slightly  differ- 
ent values  in  the  two  directions,  indicating  a 
small  anisotropy  of  exchange  interactions. 

The  spin-wave  excitations  have  been  mea- 
sured to  the  zone  boundaries  in  both  directions, 
and  the  results  at  lOK  are  plotted  in  Fig.  3. 
By  fitting  with  an  anisotropic  Heisenberg  model 
with  nearest-neighbor  interactions,  we  obtained 
in-plane  and  inter-plane  ferromagnetic  exchange 
interactions  that  differ  by  about  10%.  This  in- 
dicates that  the  x=0.15  system  is  not  an  ideal 


Figure  3.  Spin-wave  dispersion  along  (0,1,0)  (open 
circles)  and  along  (0,0,1)  (closed  circles)  at  lOK.  Solid 
curves  are  fits  to  an  anisotropic  Heisenberg  model 
with  nearest-neighbor  interactions. 

isotropic  ferromagnet,  in  contrast  to  the  opti- 
mally doped  x=0.33  materials  (or  the  pyrochlore 
Tl2Mn207  that  we  are  currently  investigating). 
More  interesting,  though,  is  that  the  magnetic 
excitations  develop  large  intrinsic  linewidths 
with  increasing  q,  even  at  low  temperatures. 
Figure  4(a)  shows  an  energy  scan  at  the  zone 
boundary  in  the  (0,1,0)  direction  at  lOK,  well 
below  Tc-  The  FWHM  is  approximately  22 
meV,  much  larger  than  the  instrumental  reso- 
lution of  6.7  meV.  This  demonstrates  that  con- 
ventional magnons  are  not  eigenstates  of  this 
system,  with  the  most  likely  explanation  being 
that  there  is  a strong  magnon-electron  interac- 
tion that  causes  this  large  damping.  Moreover, 
increasing  the  temperature  has  a dramatic  ef- 
fect on  the  spin-wave  finewidths.  At  T = lOOK, 
still  well  below  Tc,  the  magnetic  excitation  ap- 
pears to  be  completely  overdamped,  as  can  be 
seen  in  Figure  4(b).  This  behavior  contrasts 
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Figure  4.  (a)  Magnetic  inelastic  spectrum  collected 
at  lOK  at  the  (0,1,0)  zone  boimdary,  showing  a sub- 
stantial intrinsic  linewidth  even  at  low  temperatures, 
(b)  Same  spectrum  as  above,  collected  at  T =100K, 
showing  that  the  magnetic  excitation  at  the  zone 
boundary  is  completely  overdamped  at  T = lOOK, 
well  below  Tc=235K. 

markedly  with  the  expectations  for  a conven- 
tional localized- spin  ferromagnet,  and  indicates 
that  there  are  additional  strongly  temperature- 
dependent  contributions  to  the  spin- wave  damp- 
ing. Both  of  these  anomalous  damping  effects 
may  be  due  to  the  itinerant  nature  of  the  eg 
electrons  that  are  associated  with  the  metallic 
conductivity  and  double-exchange  mechanism. 
Finally,  we  also  note  that  in  the  q-range  around 
0.4  there  is  an  anomaly  in  both  dispersion  rela- 
tions. In  this  region  there  is  a possible  crossing 
of  modes  that  may  be  related  to  the  existence  of 
the  spin  canted  phase,  or  to  a magnon-phonon 
interaction.  Identifying  the  nature  of  these  exci- 
tations is  challenging  both  theoretically  and  ex- 
perimentally, and  further  work  is  in  progress. 


Exchcinge-biased  Superlattices 

In  Fe304/CoO  superlattices,  the  hysteresis 
loop  of  the  ferrimagnetic  Fe304  is  shifted  along 
the  field  axis  after  field  cooling  through  the  Neel 
temperature  of  the  antiferromagnetic  CoO  lay- 
ers[4].  This  so-called  exchange  biasing  effect  has 
been  observed  for  a variety  of  bilayer  and  mul- 
tilayer systems,  including  Fe304/Ni0,  Fe/FeF2 
and  Ni8oFe2o/FeMn.  Theories  suggest  that  the 
effect  originates  from  local  exchange  coupling  at 
the  interfaces  between  the  ferromagnetic  and  an- 
tiferromagnetic  components,  which  have  com- 
peting anisotropies.  While  these  multilayers 
show  great  promise  for  applications  as  magne- 
toresistive sensors,  the  strong  dependence  of  the 
biasing  field,  (i.e.,  field  shift),  on  the  layer 
thickness  and  gro-wth  morphology  constrains  the 
fabrication  process. 

In  order  to  probe  directly  the  magnetic  struc- 
ture of  the  antiferromagnetic  layer,  we  per- 
formed neutron  diffraction  studies  [5]  of  [001] 
Fe304/CoO  superlattices  grown  at  Philips  Lab- 
oratory by  molecular  beam  epitaxy  techniques. 
We  examined  a series  of  1 diameter  samples  on 
MgO  substrates  with  bilayer  thicknesses  ranging 
from  50  to  200  A.  For  these  elastic  diffraction  ex- 
periments, the  samples  were  mounted  on  either 
the  BT-9  or  BT-2  triple  axis  spectrometers  with 
the  [220]  in-plane  axis  and  [004]  surface  normal 
defining  the  scattering  plane.  In  this  geometry, 
we  scanned  the  (222),  (111)  and  (220)  reflections 
along  the  Q,  growth- axis  and  in-plane  directions 
at  various  temperatures. 

Due  to  the  differences  between  the  Fe304 
and  CoO  crystalhne  symmetries,  the  separation 
of  the  scattering  from  the  individual  Fe304  and 
CoO  layers  is  straightforward.  Specifically,  the 
registry  of  the  Fe304  spinel  lattice  is  not  pre- 
served across  intervening  CoO  interlayers  be- 
cause the  orientation  of  the  Fe  tetrahedral  sites 
relative  to  the  CoO  rocksalt  template  is  not 
unique.  Growth-axis  scans  through  the  (220) 
refiection,  which  is  extinct  for  the  CoO  lat- 
tice, reveal  that  the  coherence  of  the  Fe304 
is  limited  to  a single  layer  by  these  stacking 
faults.  Fig.  5 shows  growth-axis  scans  through 
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(001)  Scan  through  (111) 
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Figure  5.  Neutron  difeaction  scans  along  the  [OOZ] 
direction  through  the  (111)  reflection  for  the  su- 
perlattice [Fe304(100A)|CoO(40A)]5o  at  20  K and 
700  K.  The  sohd  curves  denote  fits  to  Gaussians. 
The  dashed  fine  delineates  the  Fe304  scattering  con- 
tribution (broad  Gaussian)  from  that  of  the  GoO  (su- 
perlattice peaks). 


Figure  6.  Peak  intensity  of  the  (111)  refiec- 
tion  plotted  as  a function  of  temperature  for 
all  of  the  Fe304/CoO  superlattices,  as  labeled. 
The  temperature-independent  contribution  from  the 
Fe304  layers  has  been  subtracted. 


the  (111)  magnetic  reflection  for  the  sample 
[Fe304(100A)|CoO(40A)]5o  at  20K  and  700  K. 
The  data  are  comprised  of  a narrow  peak  with 
superlattice  sidebands  and  a broad  peak.  Com- 
paring these  data  with  scans  through  the  (220) 
reflection,  we  conclude  that  the  latter  arises  from 
the  ferrimagnetic  ordering  of  Fe304,  and  the  for- 
mer results  from  the  antiferromagnetic  ordering 
of  the  CoO  layer.  Thus  the  CoO  structural  and 
magnetic  order  is  long  range  (>  300  A)  and 
propagates  coherently  across  several  bilayers. 

We  note  that  in-plane  scans  through  the 
(111)  reflection  also  show  a broad  and  narrow 
component,  associated  with  the  Fe304  and  CoO 
ordering  respectively.  Surprisingly,  the  in-plane 
coherence  length  of  the  Fe304  is  less  than  100  A. 
Since  these  scans  are  insensitive  to  the  growth- 
axis  stacking  faults,  we  speculate  that  an  island- 


like growth  process  could  lead  to  planar  defects, 
assuming  that  each  Fe304  cluster  is  randomly 
seeded  relative  to  its  neighbors  across  the  CoO 
template.  These  defects  may  lead  to  magnetic 
frustration  across  the  superlattice  interfaces. 

By  monitoring  the  temperature-dependent 
intensity  of  the  narrow  and  broad  component  of 
the  (111)  reflection,  we  have  determined  inde- 
pendently the  magnetic  order  parameters  of  the 
bilayer  components.  The  intensity  of  the  lat- 
ter (e.g..  Fig.  5)  is  constant  up  to  700  K,  con- 
sistent with  the  ordering  temperature  for  bulk 
Fe304  (Tcurie  = 858  K).  The  intensity  for  the 
narrow  CoO  component  is  plotted  as  a function 
of  temperature  in  Fig.  6 for  all  of  the  samples 
considered.  It  persists  well  above  r^eei  = 291 
K for  bulk  CoO.  In  fact,  the  ordering  tempera- 
ture of  the  CoO  layer  appears  to  systematically 
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approach  that  of  the  Fe304  layer  as  the  relative 
thickness  of  the  CoO  layer  is  reduced.  Mean- 
field  calculations  indicate  that  this  is  a direct 
consequence  of  local  exchange  coupling  at  the 
superlattice  interfaces.  Magnetization  measure- 
ments reveal  that  the  blocking  temperature  [i.e., 
T 5=T(Hs=0)]  does  not  track  the  ordering  tem- 
perature as  expected,  but  rather  decreases  with 
decreasing  CoO  layer  thickness. 

This  contradictory  behavior  indicates  that 
the  CoO  anisotropy  is  somehow  weakened  in  su- 
perlattices with  thin  CoO  layers.  We  hope  to 
learn  more  about  these  competing  anisotropies 
from  upcoming  diffraction  measurements  of  the 
CoO  antiferromagnetic  order  as  a function  of 
field.  Judging  by  similar  studies  of  Fe304/Ni0 
superlattices,  we  believe  that  these  experiments 
will  provide  significant  insight  into  the  origin  of 
the  biasing  behavior  in  these  Fe304/CoO  super- 
lattices. 

Coupled  Charge  and  Spin  Ordering 

Charge  and  spin  orderings  in  real  space  have 
attracted  much  attention  due  to  their  role  in 
the  superconductivity  of  the  cuprates.  The  real- 
space  segregation  of  holes  and  spins  was  at- 
tributed to  the  anomalous  suppression  of  su- 
perconductivity in  La2-a:BaxCu04  with  x = 

and  was  suggested  to  explain  many  of  the 
novel  properties  of  the  layered  copper  oxides. 
Static  charge  and  spin  stripes  were  also  found 
in  (La,Nd)i.875Sro.i25Cu04,  which  does  not  ex- 
hibit superconductivity.  These  findings  led 
to  an  interpretation  of  the  inelastic  peaks  ex- 
plored earlier  in  superconducting  cuprates  as 
due  to  dynamic  fluctuation  of  these  stripes. 
The  charge  and  spin  stripes  were  first  ob- 
served on  La2_xSra;Ni04+^  by  electron  diffrac- 
tion and  neutron  diffraction,  respectively.  For 
La2-xSrxNi04+5  with  excess  hole  concentration 
e = X + 26,  the  charge  order  is  characterized 
by  the  wave  vector  (e,e,  0)  and  the  spin  order 
by  (|  + §,  ■5  + f ,0)  with  respect  to  a reciprocal 
lattice  point  of  the  tetragonal  structure.  Such 
a relationship  between  the  spin-  and  charge- 
ordering wave  vectors  is  a characteristic  signa- 


Figure  7.  Elastic  neutron  scattering  intensities 
of  several  superlattice  peaks  and  bulk  susceptibil- 
ity data,  (a)  Temperature  dependence  of  the  super- 
lattice peak  intensities  at  Q=(^,  §,1),  ^ind 

(4,  5).  The  data  are  in  arbitrary  units,  (b)  Ratio 

of  the  (^,^,1)  to  (^,^,5)  peak  intensity,  (c)  Tem- 
perature dependence  of  the  spin-order  superlattice 
peak  intensity.  Units  are  the  same  as  those  in  (a), 
(d)  ^(xT)  in  emu/mole.  The  line  is  a guide  to  the 
eye. 

ture  of  charge  stripes  that  are  magnetic  an- 
tiphase domain  walls. 

Neutron  scattering  measurements  on 

LaT2SriNi04  consistently  yielded  e=0.333(2). 

A new  glassy  state  of  the  charge  stripe  in 

LaT2SriNi04  was  discovered  by  detailed  tem- 
•*•3  3 

perature  measurements  of  the  superlattice  peak 
intensities  and  of  the  correlation  length.  Fig.  7 
displays  the  order  parameter  measurements  of 
the  superlattice  peaks  (in  (a),  (b),  and  (c))  and 
the  bulk  susceptibility  measurement,  d{xT)/dT 
(in  (d))  [5].  The  (^,  ^,/)  peak  with  even-integer 
I is  purely  magnetic.  For  odd-integer  /,  charge- 
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order  scattering  is  dominant.  As  shown  in  Fig. 
7(a),  the  charge  peaks-especially  the  (5,5,5) 
reflection-start  developing  at  239K  where 
d(xT)/dT  exhibits  an  anomaly.  Upon  cooling, 
however,  the  intensity  develops  at  an  unusually 
slow  rate,  followed  by  a rapid  enhancement  at 
190K  where  d{xT)/dT  shows  a weak  feature. 
As  T decreases  to  lOK,  the  peaks  continue  to 
grow  in  intensity.  For  T lower  than  60K,  the 
(5,5,1)  peak  decreases  with  a corresponding 
anomaly  in  d{xT)/dT.  The  existence  of  the 
three  T regimes  below  239K  is  clearer  in  the 
ratio  of  the  (|,  |,  1)  peak  intensity  to  the 
(5,5,5)  one,  as  depicted  in  Fig.  7(b).  These 
three  distinct  phases  are  denoted  as  phase  I,  11, 
in  with  decreasing  T order.  Fig.  7(c)  shows 
the  T-dependence  of  the  pure  spin  contribution 
to  the  (5,5,0)  peak.  The  contribution  of  the 
long  tail  of  the  (5,5,1)  charge  peak  to  the 
(5,5,0)  peak  was  assumed  to  be  the  same 
as  that  at  (5,550.3)  and  subtracted.  The 
non-zero  intensity  below  '^lOOK  demonstrates 
that  the  spin  ordering  does  not  occur  in  phase  I 
(190K<T<239K),  but  only  in  phases  11  and  III. 

Some  interesting  aspects  of  the  three  phases 
were  discovered  in  elastic  Q-scans  along  the  i>er- 
pendicular  direction  to  the  stripes  in  the  Ni02 
planes.  The  in-plane  charge  correlation  length 
turns  out  to  be  quasi-long-range  in  phases  II  and 
m.  However,  in  pha^e  I,  this  correlation  length 
drastically  shortens  to  80  A,  which  is  about 
five  times  the  characteristic  wavelength  of  the 
charge  modulation.  The  in-plane  spin  correla- 
tion length  is  about  three  times  shorter  than  the 
structural  correlation  length.  There  seems  to 
be  only  subtle  differences  between  phases  II  and 
in,  both  of  which  exhibit  quasi-long-range  in- 
plane correlations.  The  transition  is  probably  a 
structural  transition  in  the  hole  lattice.  Phase  I, 
however,  has  short-range  charge  order  in  the  ab- 
sence of  spin  order,  which  is  drastically  difiFerent 
from  the  other  two  phases.  We  conclude  that  in 

La,  aSri  Ni04  the  majority  of  holes  are  localized 
^3  3 

below  239K,  with  the  stripe  correlations  poorly 
developed  in  the  glassy  phase  I,  and  then  be- 
coming quasi-long-range  ordered  below  190K. 
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Operation  of  the  32-detector  high-resolution 
powder  diffractometer  at  BT-1  continued 
smoothly  with  the  reactor  operating  again  at  20 
MW.  Realignment  of  the  instrument  resulted  in 
an  increase  in  diffracted  beam  intensity  of  ap- 
proximately 60%  for  the  Cu311  monochromator, 
which  is  by  far  the  most  commonly  used  option. 
The  Cu220  and  Si531  monochromators  exhib- 
ited an  increase  in  diffracted  beam  intensity  of 
approximately  33%,  as  would  be  expected  from 
the  increase  in  reactor  power.  In  a somewhat 
shortened  year  of  operation,  data  were  collected 
on  over  330  different  materials  under  various  ex- 
perimental conditions  resulting  in  an  estimated 
1000  or  more  data  sets.  This  section  presents 
a few  highlights  of  the  extremely  varied  stud- 
ies using  this  instrument.  Many  other  crystallo- 
graphic contributions  are  covered  separately  in 
the  sections  on  Chemical  Physics  of  Materials 
and  Magnetism  and  Superconductivity,  includ- 
ing e.g.  crystallographic  work  on  high-Tc  super- 
conductors, magnetic  materials,  metal  hydrides, 
and  molecular  solids. 

Instrumentation  and  Software 

• Automated  Sample  Changer 

The  design  of  a three-position  automated 
sample  changer  for  collection  of  data  at  room 
temperature  was  completed,  and  a prototype 
was  built  and  put  into  operation.  Because 
of  the  extremely  rapid  rate  of  data  collection 
now  possible,  the  sample  changer  was  promptly 
redesigned  to  accept  up  to  six  samples  with 
computer-controlled  changing  of  samples.  The 
use  of  this  automated  sample  changer  has  made 
possible  more  efficient  use  of  the  instrument. 

• WWW  Accessibility 

A system  was  created  and  implemented  for 
submission  of  research  proposals  for  BT-1  via 
the  World-Wide  Web  (WWW)  using  a standard 
Web  browser  program  such  as  Netscape.  This 


system  is  now  used  for  all  internal  beam-time 
requests  as  well.  Web  submission  makes  it  pos- 
sible to  offer  expedited  review  of  proposals  on  a 
first-come  first-served  basis  with  a deadline  oc- 
curing  shortly  before  the  beginning  of  each  reac- 
tor cycle.  This  speeds  access  to  the  BT-1  diffrac- 
tometer for  researchers  working  on  “hot”  topics 
and  facilitates  access  by  external  users. 

A number  of  WWW  pages  were  added  to 
the  CNRF  web  pages  that  detail  access  to  BT- 
1 as  well  as  sample  and  safety  considerations. 
Some  of  the  topics  covered  include:  the  pro- 
posal system;  proprietary  access;  preferred  sam- 
ple quantities;  why  hydrogen  or  other  neutron 
absorbers  in  samples  is  problematic;  appropri- 
ate containers  for  neutron  diffraction;  elements 
that  have  significant  neutron  activation.  See 
http://rrdjazz.nist.gov/~toby/btl.html  for  fur- 
ther information  about  the  WWW  proposal  sys- 
tem and  links  to  the  other  WWW  pages.  Fur- 
ther work  is  planned  that  will  allow  prospec- 
tive users  to  calculate  neutron  absorption  and 
neutron  activation  for  their  samples  using  Web 
forms. 

Phase  Analysis 

• Plasma- Sprayed  YSZ 

We  have  previously  reported  on  the  phase 
analysis  of  yttria-stabilized  zirconia  (YSZ)  pow- 
ders used  as  feedstock  for  the  preparation  of  ce- 
ramic thermal  barrier  coatings.  The  addition  of 
yttria  (Y2O3)  to  zirconia  (Zr02)  at  about  8 wt% 
Y2O3  stabilizes  the  tetragonal  phase  relative  to 
the  low-temperature  monoclinic  phase  (so-called 
partially  stabilized  zirconia);  higher  amounts  of 
yttria  stabilize  the  cubic  phase  (fully  stabilized 
zirconia).  Plasma  spraying  is  a rapid  solidifi- 
cation process  that  yields  a phase  composition 
of  the  resulting  ceramic  coating  that  is  different 
from  that  of  the  feedstock  powder,  and  often  re- 
sults in  the  formation  of  metastable  phases. 

Industrial  experience  with  thermal  barrier 
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Annealing  temperature  [deg.  C,  1h  annealing  time] 

Figure  1.  Phase  composition  of  annealed  plasma- 
sprayed  YSZ  coatings,  spray  distance  90  mm. 

coatings  applications  has  shown  that  tight  con- 
trol of  the  coating  phase  composition  is  im- 
perative for  optimal  coating  lifetime  and  sur- 
vival. Larger  amounts  of  the  monoclinic  phase 
in  the  deposits  are  considered  undesirable,  as 
these  transform  on  heating  into  the  tetragonal 
phase.  Since  this  transformation  is  accompanied 
by  a large  volume  change,  stresses  are  gener- 
ated in  the  deposits  leading  to  premature  failure. 
Coatings  made  of  fully  stabilized  zirconia  (cubic 
phase)  have  shorter  lifetimes  and  generally  infe- 
rior properties  compared  to  partially  stabilized 
zirconia  coatings. 

The  zirconia  phase  analysis  is  challenging. 
Whereas  the  monoclinic  phase  is  easily  identified 
and  quantified  using  X-ray  patterns,  the  tetrag- 
onal :cubic  ratio  is  much  more  difl&cult  since  the 
cubic  peaks  are  all  coincident  with  some  of  the 
tetragonal  peaks.  Previous  work  has  shown  that 
the  cubic  phase  content  is  often  underestimated. 
Neutron  Rietveld  refinement  provides  a supe- 
rior (albeit  inconvenient  for  the  industrial  an- 
alyst) technique.  In  addition  to  yielding  more 


Annealing  temperature  [deg.  C,  1 h annealing  time] 

Figure  2.  Yttria  content  of  the  tetragonal  phase 
of  annealed  plasma-sprayed  YSZ  coatings,  spray  dis- 
tance 90  mm. 

data  at  higher  scattering  angle  to  help  differen- 
tiate the  tetragonal  and  cubic  phases,  the  neu- 
trons penetrate  the  entire  coating  sample  and 
thus  give  results  for  the  bulk  material  and  make 
unimportant  such  X-ray  analysis  considerations 
as  surface  roughness  and  texture,  preferred  ori- 
entation, and  gradations  of  phase  composition 
through  the  thickness  of  the  sample. 

Deposits  made  of  Sylvania  SX233  powder 
were  manufactured  at  SUNY  Stony  Brook.  The 
deposits  of  about  5 mm  thickness  were  sprayed 
on  a steel  substrate  covered  by  an  A1  layer  de- 
posited by  wire  arc  spraying.  The  A1  layer  was 
later  dissolved  using  HCl  to  obtain  free-standing 
deposits.  Samples  were  cut  using  a diamond  saw 
into  10  mm  x 10  mm  x 5 mm  sections  and  an- 
nealed for  one  hour  in  ambient  atmosphere  at 
varying  temperatures  prior  to  phase  analysis. 

The  results  of  the  neutron  Rietveld  phase 
analysis  are  given  in  Table  1 and  Fig.  1.  As  can 
be  seen  for  the  samples  with  a spray  distance  of 
90  mm,  little  change  occurs  in  the  phase  compo- 
sition with  heating  until  1400  °C,  when  the  com- 
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Table  1.  Phase  content  and  composition  of  SX233  plasma-sprayed  and  annealed  YSZ  coatings 


Spray  Distance 

% Monoclinic 

Powder 

— 

25 

65  mm 

as  sprayed 

3 

145  mm 

as  sprayed 

2 

90  mm 

as  sprayed 

2 

90  mm 

1100  °C,  1 h 

2 

90  mm 

1200  °C,  1 h 

3 

90  mm 

1300  °C,  1 h 

3 

90  mm 

1400  °C,  1 h 

3 

65  mm 

1400  °C,  1 h 

4 

position  reverts  to 

the  thermodynamically  sta- 

ble  composition,  with  an  increase  in  the  relative 
amount  of  the  cubic  phase  as  predicted  by  the 
phase  diagram.  For  the  material  sprayed  at  65 
mm,  the  as-sprayed  phase  composition  is  close  to 
the  thermodynamically  stable  composition,  and 
little  change  occurs  with  annealing.  In  addition, 
it  is  possible  to  calculate  the  yttria  content  of 
the  tetragonal  phase  from  the  tetragonal  lattice 
parameters.  For  the  materials  sprayed  at  both 
65  mm  and  90  mm,  there  is  some  loss  of  yttria 
from  the  tetragonal  phase  with  annealing  even 
at  1100  °C  - 1300  °C,  but  the  loss  is  accelerated 
at  1400  °C  (Fig.  2).  Further  work  is  plaimed  on 
samples  prepared  under  varying  plasma  spray 
and  heat  treatment  conditions. 
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tragonal 

% Cubic 

wL/u  XW1.5 

(tetragonal  phase) 

49 

26 

8.3 

60 

37 

8.8 

71 

27 

9.0 

74 

24 

8.8 

72 

26 

7.5 

72 

25 

7.2 

70 

26 

7.1 

60 

37 

6.2 

59 

37 

5.9 

collaboration  with  DuPont,  we  have  used  neu- 
tron Rietveld  refinement  techniques  to  deter- 
mine the  level  of  oxygen  vacancies  in  the  py- 
rochlore  Tl2Mn207.  This  material  is  prepared 
at  high  pressure,  and  only  a very  small  amount 
(0.18  g,  or  0.0003  moles!)  of  sample  could  be 
supplied.  This  amount  of  sample  is  two  orders 
of  magnitude  lower  than  the  amount  commonly 
used  for  powder  neutron  diffraction,  but  using 
~24  hr  data  collection  times  on  the  BT-1  diffrac- 
tometer, the  crystal  structure  was  determined. 

The  results  proved  that  CMR  exists  in  the 
material  without  any  significant  oxygen  vacan- 
cies, which  indicates  that  a different  mechanism 
for  CMR  is  likely  present  in  this  material.  This 
suggests  that  there  may  be  many  more  materials 
that  exhibit  CMR  than  previously  thought. 


• Colossal  Magnetoresistors 

Colossal  magnetoresistors  (CMR)  exhibit  a 
very  large  change  in  electrical  resistance  in  the 
presence  of  magnetic  fields.  In  principle,  this 
phenomenon  can  be  used  to  design  a new  gen- 
eration of  devices  for  reading  magnetic  media, 
which  has  sparked  a world- wide  industrial  quest 
to  understand  the  prerequisites  for  CMR  and 
to  find  new  materials.  CMR  is  known  to  oc- 
cur in  Lai-ajMxMnOs  perovskites,  but  recently 
it  was  also  demonstrated  in  Tl2Mn207,  which 
has  a pyrochlore-type  structure. 

Oxygen  deficiencies  are  known  to  be  essen- 
tial for  CMR  in  the  perovskite  materials.  In 


• Structure  and  Magnetic  Order  in  Un- 
doped Lanthanum  Manganite 

The  undoped  lanthanum  manganite  system 
of  nominal  composition  LaMnOs  has  been  ana- 
lyzed by  neutron  powder  diffraction  for  different 
sample  heat  treatment  methods.  Four  distinct 
crystallographic  phases  have  been  identified:  (i) 
an  orthorhombic  phase  of  space  group  Pnma 
and  lattice  parameters  (at  300  K)  a = 5.7385(3), 
b=  7.7024(3),  c = 5.5378(2)  A,  produced  by  an- 
nealing in  a reducing  atmosphere.  The  system 
develops  long  range  antiferromagnetic  order  be- 
low Tn  = 140  K,  with  the  Mn^"^  spins  coupled 
ferromagnetically  in  the  ac  plane  and  antifer- 
romagnetically  along  6,  with  the  spin  direction 
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T(K) 


(c) 


(d) 


Figure  3.  Variation  with  temperature  of  the  lattice 
parameters,  unit  cell  volume,  and  sublattice  magne- 
tization obtained  from  the  refinements  of  the  antifer- 
romagnetic orthorhombic  phase  of  sample  (i). 

along  a.  The  volume  of  this  phase  increases 
monotonically  with  increasing  temperature,  but 
both  the  a and  c lattice  parameters  exhibit  nega- 
tive thermal  expansion  in  alternate  temperature 
regimes  (see  Fig.  3).  (ii)  A second  (previously 
unreported)  orthorhombic  phase  that  exhibits  a 
smaller  splitting,  also  of  space  group  Pnma  and 
lattice  parameters  (at  300  K)  a = 5.4954(3),  b 
= 7.7854(4),  c = 5.5355(3)  A,  produced  by  an- 
nealing in  an  oxygen  (or  air)  atmosphere.  This 
system  orders  with  a simple  ferromagnetic  struc- 
ture at  Ttv  = 140  K,  with  the  spin  direction 
along  c.  Phases  (i)  and  (ii)  can  be  transformed 
reversibly  by  suitable  heat  treatment  of  the  same 
sample,  and  exist  with  a range  of  lattice  pa- 
rameters and  compositions.  The  unit  cell  vol- 
ume for  the  antiferromagnetic  phase  is  consid- 


Figure  4.  Schematic  representation  of  the  nuclear 
and  magnetic  structures  in  the  lanthanum  mangan- 
ite  system:  (a)  nuclear  structure  represented  in  the 
Pnma  axes;  (b)  tilting  of  the  MnOe  octahedra  in 
two  successive  layers  along  the  c-axis;  (c)  tilt  an- 
gles of  the  octahedra;  (d)  ferromagnetic  structures 
of  phases  F112i/a  and  Pnma;  (e)  antiferromagnetic 
structure  of  phase  Pnma. 

erably  larger  that  for  the  ferromagnetic  phase, 
which  agrees  with  the  double-exchange  model 
proposed  for  this  system,  (iii)  A monoclinic 
phase  of  space  group  P112i/a  and  lattice  para- 
meters (at  200  K)  a = 5.4660(4),  h = 7.7616(7), 
c = 5.5241(5)  A,  7 = 90.909(5)°  that  orders  fer- 
romagnetically  below  140  K.  (iv)  A rhombohe- 
dral  phase  of  space  group  F3c  and  hexagonal 
lattice  parameters  (at  300  K)  a = 5.5259(2),  c = 
13.3240(4)  A,  that  is  observed  only  above  room 
temperature. 

Occupancy  refinements  show  that  phase 
(i)  ideally  has  the  stoichiometric  composition 
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Figure  5.  View  along  one  of  the  [111]  axes  of  the  dis- 
tribution of  the  TO4  tetrahedra  around  a Cs"''  cation. 
The  oxygen  atoms  bonded  to  the  cesium  are  indi- 
cated by  the  Cs-0  lines. 

LaMnOs,  while  the  results  for  the  Mn-0  bond 
distances  suggest  that  phases  (ii),  (iii),  and  (iv) 
are  progressively  richer  in  oxygen  (and  thus 
Mn'^'*').  The  results  of  oiu:  study  strongly  sug- 
gest the  progressive  development  of  cation  va- 
cancies in  equal  numbers  on  the  La  and  Mn  sites 
as  the  oxygen  content  is  increased  by  heat  treat- 
ment. In  the  monoclinic  phase  the  Mn  ions  oc- 
cupy two  crystallographically  independent  sites, 
but  no  evidence  of  ordering  of  Mn^"*"  and  Mn'^’^ 
was  observed.  The  structures  of  the  four  phases 
are  closely  related  to  that  of  perovskite.  The 
MnOe  octahedra  are  tilted  from  the  undistorted 
configuration,  the  tilt  system  being  a~a~a~  in 
the  rhombohedral  structure  and  a'^b~b~  in  both 
orthorhombic  modifications.  A schematic  repre- 
sentation of  the  nuclear  and  magnetic  structures 
of  lanthanum  manganite  is  shown  in  Fig.  4. 

• Neutron  and  X-Ray  Diffraction  Study 

of  CsTiSi206.5 

Silicotitanates  are  ion  exchangers  used  for  re- 


moval of  cesium  from  radioactive  Na-rich  wastes. 
One  compound  recently  synthesized  is  a deriv- 
ative of  the  cesium  aluminosilicate  pollucite, 
CsAlSi206,  in  which  titanium  replaces  alu- 
minum. This  substitution  requires  a mechanism 
for  charge  compensation,  such  as  incorporation 
of  oxygen  in  excess  of  six  atoms  per  formula  unit 
into  the  structure,  resulting  in  a composition 
corresponding  to  the  formula  CsTiSi206.5.  The 
location  of  such  small  quantities  of  extra  oxy- 
gen requires  the  use  of  neutron  diffraction  tech- 
niques. On  the  other  hand,  since  the  scattering 
amplitude  of  the  atoms  occupying  the  tetrahe- 
dral site,  T = l/3Ti  -f  2/3Si,  is  rather  small 
(0.162  X 10“^^  cm),  these  cations  can  be  located 
precisely  using  single-crystal  X-ray  diffraction. 
The  structure  of  the  title  compoimd,  therefore, 
has  been  analyzed  with  both  techniques. 

CsTiSi206.5  crystallizes  with  the  symmetry 
of  space  group  laSd  and  lattice  parameter  a = 
13.8417(7)  A.  There  are  sixteen  formula  units 
per  unit  cell.  The  basic  structure  is  similar  to 
that  of  pollucite  and  consists  of  a framework 
of  corner  sharing  TO4  tetrahedra  forming  large 
voids  in  which  the  Cs"^  cations  are  located  (Fig. 
5).  Titanium  and  silicon  are  disordered  over  the 
48g  sites  of  the  cubic  space  group.  The  eight 
extra  oxygen  atoms  partially  occupy  two  sets 
of  general  sites  and  are  bonded  to  both  the  ce- 
sium and  the  T cations  of  neighboring  tetrahe- 
dra (Fig.  6),  and  it  is  assumed  that  the  extra 
oxygen  is  located  near  the  tetrahedra  occupied 
by  titanium. 

Zeolite  SRM  Characterization 

A long-range  study  of  zeolites  and  related 
molecular  sieves  has  been  initiated,  with  par- 
ticular emphasis  of  the  siting  and  dynamics  of 
guest  molecules  and  cations.  These  materials 
are  of  great  industrial  importance  in  the  areas 
of  catalysis,  separations,  and  cation  exchange. 
Zeolites  are  widely  used  in  the  manufacture  of 
gasoline,  detergents,  gases  from  air,  and  other 
materials.  In  order  to  assist  industrial  and  aca- 
demic researchers,  we  have  cooperated  with  the 
NIST  Standard  Reference  Materials  program  to 
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Figure  6.  Environment  of  one  of  the  extra  oxygen 
atoms  (shaded  circle) , showing  its  relationship  to  the 
neighboring  TO4  tetrahedra. 

initiate  the  certification  of  a series  of  zeolite 
SRMs  and  RMs,  providing  needed  expertise  in 
the  handling  and  characterization  of  these  mate- 
rials. A procedure  was  developed  for  the  certifi- 
cation of  three  zeolite  SRM  samples  by  neutron 
and  S5mchrotron  radiation. 

In  order  to  facilitate  this  effort,  a collab- 
orative research  agreement  was  initiated  with 
SUNY  Stony  Brook.  As  part  of  this  agreement, 
SUNY  has  provided  a postdoctoral  research  as- 
sociate who  will  participate  at  NIST  in  the  SRM 
certification  work  and  will  also  assist  is  gas  load- 
ing studies  of  zeolites.  An  in  situ  gas  loading  cell 
for  these  studies  has  been  designed  and  will  be 
constructed  and  tested. 

Database  Activities 

The  NIST  Crystal  and  Electron  Diffraction 
Data  Center  is  concerned  with  the  collection, 
evaluation  and  disseminationof  data  on  solid- 
state  materials.  During  the  year,  the  master 
database  for  the  NIST  Crystal  and  Electron  Dif- 


fraction Data  Center  was  augmented  with  re- 
spect to  all  classes  of  materials,  and  now  con- 
tains approximately  235,000  entries.  In  Sep- 
tember 1996,  updated  versions  were  released  of 
the  two  distribution  databases,  the  NIST  Crys- 
tal Data  and  the  Electron  Diffraction  Database. 
Also,  a Special  Issue  of  the  NIST  Journal  of  Re- 
search was  published  in  July  with  manuscripts 
from  the  NIST  Workshop  on  Crystallographic 
Databases  which  was  held  in  August  1995.  This 
publication  reviews  the  present  status  and  fu- 
ture directions  of  the  crystallographic  databases, 
outlines  applications  of  the  databases,  summa- 
rizes modes  of  data  transfer,  and  sets  the  stage 
for  future  collaborations  and  partnerships  be- 
tween NIST  anbd  other  crystallographic  data 
centers. 

• International  Tables  for  Crystallogra- 
phy 

During  the  year,  a section  entitled  ‘The 
space-group  distribution  of  molecular  organic 
structures’  has  been  written  for  the  Interna- 
tional Tables  of  Crystallography.  The  purpose 
of  this  article  is  not  only  to  present  space  group 
statistics,  but  also  to  account  in  a general  way 
for  the  observed  distribution.  Ultimately,  the 
space  group  of  a crystal  of  a particular  substance 
is  determined  by  the  minimum  of  the  thermody- 
namic potential  of  the  van  der  Waals  and  other 
forces,  but  a very  simple  model  goes  a long  way 
towards  explaining  the  relative  frequency  of  the 
various  space  groups  within  a crystal  class  or 
larger  grouping.  The  basic  idea  that  space  group 
frequency  is  determined  by  packing  considera- 
tions is  discussed,  along  with  the  complemen- 
tary idea  that  space  groups  are  rare  when  they 
contain  symmetry  elements  that  prevent  mole- 
cules from  freely  choosing  their  positions  within 
the  unit  cell.  Empirical  statistics  for  the  230 
space  groups  are  given  for  homomolecular  or- 
ganic structures  with  one  molecule  in  the  general 
position.  The  frequencies  show  that  most  com- 
pounds crystallize  in  a relatively  small  number 
of  low  symmetry  space  groups  and  that  most 
space  groups  have  few  or  no  known  examples. 
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By  providing  the  researcher  with  a summary  of 
what  happens  in  nature,  space  group  statistics 
may  prove  useful  in  the  understanding  of  pack- 
ing forces  and  in  the  a priori  prediction  of  crys- 
tal structures. 
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With  the  liquid  hydrogen  cold  source  in  op- 
eration, an  increase  in  usable  flux  of  almost  a 
factor  of  five  has  been  realized  at  the  NG-7  re- 
flectometer.  In  addition,  the  reflectometer  orig- 
inally located  in  the  confinement  building  on 
beam  tube  BT-7  was  moved  to  the  guide  hall 
and  installed  on  guide  tube  NG-1.  A similar  in- 
crease in  flux  was  also  obtained.  These  substan- 
tial increases  in  flux  have  significantly  enhanced 
the  performance  of  neutron  reflectivity  measure- 
ments of  surfaces  and  interfaces  as  illustrated  in 
some  of  the  examples  described  below. 

The  New  Reflectometer  at  NG-1 

As  mentioned  in  the  introduction  to  this  sec- 
tion, the  reflectometer  originally  located  inside 
the  confinement  building  on  beam  tube  BT-7 
was  moved  to  the  guide  hall  and  installed  on 
guide  tube  NG-1.  For  this  instrument,  the  re- 
flecting surface  of  the  sample  is  vertical,  in  con- 
trast to  the  horizontal  geometry  of  the  reflec- 
tometer at  NG-7.  In  addition,  on  the  NG-1 
reflectometer  the  incident  beam  can  be  polar- 
ized and  the  polarization  of  the  reflected  beam 
analysed.  Instrumental  polarizing  efficiencies 
of  97%  are  typical  for  reflection  from  a non- 
magnetic sample.  The  polarizers  before  and  af- 
ter the  sample  consist  of  eight  5 x 7.5  cm^  Si 
plates  ( 0.25  mm  thick  ) with  Fe/Si  supermirror 
coatings  (on  both  sides),  each  having  a critical 
angle  for  the  positive  spin  state  of  three  times 
that  of  ordinary  Ni,  aligned  in  series  for  a to- 
tal length  of  81  cm.  The  polarizers  can  be  used 
either  in  reflection  or  transmission.  The  polar- 
izing performance  quoted  above  corresponds  to 
that  measured  in  the  transmission  geometry.  As 
opposed  to  operation  at  2.35  A on  BT-7,  at  NG- 
1 the  wavelength  is  now  4.75  A with  a Be  filter 
after  the  last  slit  before  the  detector  to  supress 
higher  orders.  The  monochromator  consists  of 
fingers  of  pyrolytic  graphite  (PG)  mounted  on 
a mechanical  cam  device  for  vertical  focussing. 
Each  finger  has  a stack  of  three  individual  PG 


SiOj  (6iiin  & lOnm)  on  Si 


Figure  1.  Neutron  reflectivity  curves  for  oxide  films 
on  Si  as  measured  on  NG-7  and  NG-1.  Note  how 
consistent  the  data  for  the  same  6 nm  oxide  film  are 
for  the  sepmate  instruments.  Although  measured 
with  the  sample  in  air,  reflectivities  as  low  as  1.0 
X 10“®  can  be  measured  (the  background  has  been 
subtracted) . With  the  sample  placed  in  an  vacuated 
environment,  the  background  is  reduced  by  a factor 
of  20  or  more  and  even  low’er  values  of  the  reflectivity 
can  be  measured  as  showm  in  Fig.  2. 

Neutron  Reflectivity  of  lOnm.  Si02  Film  on  Si  and  1 -Layer  Fit 


Q[A-fl 


Figure  2.  Specular  neutron  reflectivity  data  for  ox- 
ide films  on  Si  as  measured  on  the  NG-1  reflectometer 
with  the  sample  in  -vacuum. 
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slabs  inclined  with  respect  to  one  another  in  a 
horizontal  plane  to  create  an  anisotropic  mo- 
saic of  about  one  degree  so  that  the  wavelength 
resolution  is  of  the  order  of  a percent.  With 
this  vertical  focussing  and  given  the  twice  theta 
critical  angle  of  Ni  coatings  on  top  and  bottom 
guide  surfaces,  a typical  vertical  divergence  at 
the  sample  position  is  about  2.4  degrees.  A pair 
of  slits  before  and  after  the  sample  are  fully  au- 
tomated and  allow  for  a constant  footprint  on 
the  sample  as  well  as  a nearly  constant  resolu- 
tion dQ IQ  as  a specular  reflectivity  scan  is  per- 
formed. The  actual  beam  width  at  the  sample 
position  can  be  varied  from  tens  of  microns  up 
to  about  2 cm.  Figures  1 and  2 illustrate  some 
of  the  capabilities  of  the  new  reflectometer. 

Moleculair  Beam  Epitaxy  Chamber  for 
In-Situ  Neutron  Scattering 

With  the  increased  flux  available  from  the 
new  liquid  hydrogen  cold  source,  reflectivities 
as  low  as  10~®  have  been  measured  [1]  , mak- 
ing it  practical  to  investigate  reflectivities  at 
higher  values  of  wavevector  transfer,  Q,  with 
smaller  sample  volumes,  and  with  higher  res- 
olution. This  allows  studies  of  thinner  Aims 
and  surface  phenomena.  As  Aims  get  thinner, 
a more  signiflcant  fraction  of  the  sample  vol- 
ume is  contained  in  the  surface  contamination 
layers  that  occur  on  all  samples  exposed  to  air. 
Even  a monolayer  of  contamination  will  disturb 
many  surface  phenomena.  Thus  it  is  becoming 
more  important  to  protect  a sample’s  surface  us- 
ing an  ultra- high  vacuum  (UHV)  chamber.  The 
Molecular  Beam  Epitaxy  (MBE)  Chamber  for 
In-situ  Neutron  Scattering  can  be  used  to  fab- 
ricate single  crystal  thin  Alms,  as  a protective 
UHV  environment  for  both  bulk  and  thin  film 
surfaces,  and  as  an  ultraclean  environment  for 
loading  interstitials,  all  while  performing  neu- 
tron scattering  investigations  in-situ.  MBE  is 
chosen  as  the  thin  film  growth  technique  because 
it  produces  the  purest  thin  films  with  the  best 
control  of  layer  thickness  and  interface  widths, 
and  produces  the  highest  quality  epitaxial  sin- 
gle crystal  thin  films,  heterostructures  and  su- 


perlattices. Although  the  chamber  was  designed 
to  go  on  the  NGl  reflectometer,  it  can  also  be 
used  on  other  spectrometers  such  as  triple  axis  & 
SANS  spectrometers.  This  is  the  only  combined 
MBE/neutron  scattering  chamber  in  existence. 
While  this  chamber  has  recently  been  built,  and 
all  of  its  functions  are  not  yet  installed,  it  has  al- 
ready been  successfully  used  for  one  experiment 
[2].  A schematic  of  the  chamber  appears  as  Fig. 
3. 

• Description 

Both  MBE  and  neutron  reflectivity  have  very 
specific  and  stringent  equipment  requirements. 
Also,  the  types  of  physics,  chemistry,  and  mate- 
rials science  questions  to  be  investigated  add  fur- 
ther design  constraints.  To  accommodate  these 
requirements  the  MBE  chamber  had  to  be  cus- 
tom designed  with  many  unique  features. 

Overall,  the  chamber  has  to  be  light  in 
weight  and  compact  to  fit  on  a variety  of  spec- 
trometers without  overburdening  their  drive  ta- 
bles. Therefore  an  ion  pump,  typical  to  UHV 
chambers  but  very  heavy,  was  replaced  by  a 
lighter  (2600  L/s)  cryopump.  With  this  pump 
the  chamber  has  achieved  a base  pressure  of 
7 X 10“^^  torr. 

Since  the  scattered  intensity  is  proportional 
to  sample  area,  the  size  of  the  sample  was  max- 
imized. The  MBE  chamber  will  accept  up  to 
3”  diameter  samples.  The  deposition  system 
was  engineered  to  provide  better  than  2%  uni- 
formity in  material  flux  across  the  substrate  to 
ensure  that  the  thickness  of  the  deposited  lay- 
ers are  uniform  compared  to  the  resolution  of 
neutron  reflectivity.  We  now  have  four  stan- 
dard effusion  cells  that  can  deposit  materials 
with  melting  temperatures,  Tm  < 1400°  C.  They 
can  be  replaced  with  high  temperature  effusion 
cells  (providing  good  flux  uniformity  of  materials 
with  Tm  < 2000°C)  and  electron  beam  sources 
(which  can  deposit  higher  Tm  materials) . There 
is  room  for  7 effusion  cells,  or  a combination 
of  5 effusion  cells  and  2 electron  beam  sources. 
Deposition  fluxes  are  monitored  with  a quartz 
crystal  microbalance.  An  independent  sample 
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Figure  3.  Molecular  beam  epitaxy  chamber  for  in-situ  neutron  scattering. 


shutter  will  provide  isolation  during  source  cali- 
bration, limited  sample  pattern-masking,  and 
thermal  shielding  during  low  temperature  op- 
eration, and  computer  controlled  source  shutters 
can  be  used  for  multilayer  growth. 

The  sample  holder  is  also  of  custom  design, 
its  temperature  can  be  continuously  controlled 
from  ~ 15i^(to  study  low  temperature  mag- 
netic phenomena)  to  ~ ISOOiC  (required  for 
some  substrate  preparation  and  MBE  growth). 
The  sample  holder  is  also  capable  of  continuous 
rotation  and  in-situ  4-point  electrical  measure- 
ments. Various  temporary  sample  holders  ca- 
pable of  holding  up  to  3”  diameter  substrates 
and  applying  temperatures  from  77  K - "800  K 
are  currently  available. 

In  addition  to  growing  the  samples  in  the 
MBE  chamber,  incompatible  samples  can  be 


grown  elsewhere  and  cleaned  in-situ  with  a 3 
cm  flood  ion  gun.  The  ion  gun  will  also  allow 
surface  cleaning  of  substrates  before  growth,  dry 
etching,  ion  assisted  MBE,  and  reactive  growth 
of  oxides,  nitrides,  etc.  The  chamber  also  has  a 
gas  loading  system  with  a leak  valve  and  capac- 
itance manometers  capable  of  measuring  pres- 
sures from  10^  — 10~^torr.  Accurate  gas  intro- 
duction will  allow  in-situ  intercalation  and  hy- 
drogen loading. 

The  neutron  window  is  a 25.4  cm  diameter 
aluminum  cylinder.  This  shape  will  allow  graz- 
ing angle  neutron  diffraction  measurements  at 
nearly  any  azimuthal  angle.  The  length  of  the 
cylinder,  11.43  cm,  allows  an  incidence  angle  of 
up  to  39°,  or  Q = 1.66A“^,  at  the  neutron  wave- 
length A = 4.75  used  at  the  NGl  reflectometer. 
A Reflection  High  Energy  Electron  Diffraction 
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(RHEED)  system  is  incorporated  in  this  sec- 
tion. RHEED  is  used  to  study  surface  morphol- 
ogy and  crystallography  and  determine  thin  film 
growth  rates. 

To  use  polarized  neutrons,  one  must  apply  a 
uniform  magnetic  field  at  the  sample.  To  move 
the  magnetic  field  source  to  outside  the  vacuum 
vessel,  a pair  of  ARMCO  #1008  steel  pole  pieces 
were  welded  into  the  sample  flange  to  serve  as  a 
“magnetic  feedthrough” , a device  unique  to  this 
MBE  chamber.  A magnetic  field  is  apphed  to 
the  external  portion  of  the  feedthrough.  Inside 
the  chamber  the  pole  pieces  “dog-leg”  toward 
each  other,  helping  to  concentrate  the  magnetic 
held  lines  at  the  sample  position,  providing  a 
uniform  flux. 

The  MBE  chamber  was  designed  to  be  very 
flexible  in  its  uses,  and  many  spare  ports  were  in- 
cluded to  allow  for  future  expansion.  Expansion 
possibilities  include  a quadrupole  mass  spec- 
trometer (for  more  accurate  flux  monitoring 
and  thermal  desorption  measurements),  an  opti- 
cal pyrometer  (for  more  accurate  determina- 
tion of  high  substrate  temperatures),  a load 
lock  chamber  (allowing  quick  sample  exchange 
without  breaking  the  vacuum  thus  eliminating 
the  lengthy  bakeout  process  required  for  recov- 
ery of  UHV)  and  a UHV  sample  transfer  ves- 
sel (to  allow  sample  transfer  to  other  growth 
or  analysis  chambers).  It  is  also  possible  to  in- 
clude devices  for  ellipsometry,  SMOKE  (surface 
magneto-optical  Kerr  effect),  low  energy  elec- 
tron diffraction  with  Auger  spectroscopy  (for  in- 
plane crystallography  and  surface  compositional 
analysis,  respectively),  or  XPS  (x-ray  photo- 
electron spectroscopy) . 

• Applications 

The  versatility  of  both  the  neutron  reflec- 
tivity and  the  MBE  techniques  as  well  as  the 
versatility  of  this  combination  neutron  scatter- 
ing/MBE  chamber  lead  to  a wide  variety  of  pos- 
sible scientific  apphcations,  some  of  which  are 
listed  below: 


• Studies  of  Hydrogen  in  Materials 

• Surface  Magnetism  and  Artificial  Magnetic  Struc- 

tures 

• Si/Si02  Interface  Structure  And  Oxidation 

- Epitaxial  Growth  of  Organic  Molecules:  Biological 
and  Polymer  Systems 

• Surface  Chemistry-Catalysis 

• Epitaxial  Studies 

• Critical  Phenomena 

• Difiusion  Studies 

• Direct  Inversion  of  Data  (by  growth  of  reference 

layers  on  top) 

• Studies  of  Hydrophihc  and  Other  Sensitive  Materi- 

als 

• Conclusion 

The  MBE  Chamber  for  In- Situ  Neutron 
Scattering  had  to  be  custom  designed  due  to 
the  specific  and  stringent  requirements  of  both 
MBE  and  neutron  reflectivity.  Thus,  it  has  a 
large  number  of  unique  features  which  give  rise 
to  numerous  new  capabilities.  The  combination 
of  the  world  class  low  levels  of  reflectivity  (10“®) 
achievable  at  the  NGl  reflectometer  and  the  ver- 
sitility  of  the  MBE  chamber  will  open  up  a vast 
array  of  new  opportunities  for  scientific  research. 
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Hydrogen  Induced  Changes  in  the 
Magnetic  Ordering  of  Fe-V  (001)  Su- 
perlattices 

In  some  metallic  multilayers  consisting  of 
thin  magnetic  layers  and  non-magnetic  spacer 
layers,  the  magnetic  layers  will  align  either  par- 
allel to  each  other  (ferromagnetically)  or  anti 
parallel  (antiferromagnetically,  or  AFM),  de- 
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pending  on  the  thickness  of  the  spacer  layer. 
The  coupling  is  RKKY-like  and  oscillates  be- 
tween these  two  alignments  with  a period  that  is 
inversely  proportional  to  the  fermi  wavevector, 
k/.  However,  the  basic  mechanisms  that  cause 
this  coupling  are  still  not  completely  under- 
stood. Theoretical  models  are  tested  primarily 
by  comparing  predictions  to  measured  coupling 
strengths  as  a function  of  the  spacing  layer  thick- 
ness, in  integral  numbers  of  monolayers  (ML), 
and  as  a function  of  the  element  that  comprises 
the  spacer  (and  thus  kf).  Both  variables  are 
then  discrete.  Some  measurements  have  been 
done  on  alloys  in  order  to  continuously  change 
the  composition,  and  to  some  degree  the  thick- 
ness of  the  spacer  layer.  However,  this  method 
is  tedious  in  that  it  requires  the  production  of  a 
larger  number  of  separate  samples,  each  with  the 
same  crystal  quality,  regardless  of  the  fact  that 
the  constituent  elements  are  changing,  thereby 
possibly  altering  the  optimal  growth  conditions. 
On  the  other  hand,  by  using  a spacer  layer  such 
as  vanadium  that  readily  absorbs  large  quanti- 
ties of  hydrogen  thereby  expanding  its  lattice, 
one  can  continuously  vary  the  thickness  of  the 
spacer  layers  throughout  a range  equivalent  to 
more  than  one  monolayer.  Also,  hydrogen  load- 
ing has  the  potential  to  change  the  electronic 
structure.  Therefore  H-loading  is  a powerful  tool 
to  continuously  tune  both  layer  thickness  and 
electronic  structure  and  study  their  effects  on 
the  antiferromagnetic  coupling. 

Recently,  AFM  coupled  Fe/V  (001)  super- 
lattice have  been  produced  with  a high  crystal 
quality.  The  hydrogen  is  found  to  reside  exclu- 
sively in  the  V lattice  and  is  found  to  cause  a 
completely  reversible  lattice  expansion  of  the  V 
layers  up  to  10%.  The  magnetic  character  of 
Fe/V  superlattices  was  determined  by  SQUID 
magnetometry  measurements.  As  seen  in  Fig. 
4,  for  a series  of  samples  in  which  the  Fe  thick- 
ness was  held  constant  at  3ML  and  the  V thick- 
ness varied,  the  largest  AFM  coupling  strength 
is  found  in  Fe(3ML)-V(14ML)  samples.  Consid- 
ering the  lattice  expansion  effects  alone,  adding 
H to  the  Fe3/V14  sample  would  diminish  the  ex- 


Figure  4.  AFM  coupling  strength  at  different  thick- 
nesses of  the  spacer  layer  (in  monolayers).  The  line 
is  drawn  to  guide  the  eye. 


change  coupling  while  adding  H to  the  Fe3/V12 
sample  would  increase  the  V thickness  toward 
the  ideal  14ML  and  increase  the  coupling. 

Polarized  neutron  reflectivity  measurements 
were  made  on  the  NGl  Reflectometer  on  these 
two  samples  in  the  Molecular  Beam  Epitaxy 
Chamber  for  In-Situ  Neutron  Scattering[l]. 
Measurements  were  made  in  a field  of  ~ 100 
Oe,  under  hydrogen  pressures  from  700  torr  to 
10~^  torr  and  under  ultra  high  vacuum,  with 
and  without  heating  (which  removes  residual 
hydrogen).  For  the  vacuum  and  fully  loaded 
cases  reflecti\ity  measurements  were  taken  out 
to  a Q beyond  the  first  ferromagnetic  peak  lo- 
cation. Two  features  are  of  interest,  and  were 
concentrated  on  in  a majority  of  the  measure- 
ments. First,  the  net  magnetization  in  the  di- 
rection of  the  applied  field  can  be  inferred  from 
the  difference  between  the  (+,+)  and  (-,-)  inten- 
sities of  the  ferromagnetic  peak  (which  occurs 
at  Qfm  = 27r  the  superlattice  repeat  distance). 
Second,  the  antiferromagnetic  coupling  strength 
is  indicated  by  the  intensity  of  the  spin  flip  com- 
ponents (+,-)  and  (-,+)  of  the  antiferromagnetic 
peak,  at  Qafm  — Qfm/‘^  corresponding  to  the 
doubling  of  the  unit  cell. 
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Figure  5.  The  sum  of  the  intensities  of  the  two 
spin  flip  components  from  the  AFM  peak  and  the 
difference  between  the  non-spin  flip  components  of 
the  ferromagnetic  peak  as  a function  of  Q of  the  fer- 
romagentic  peak.  Figure  5a  is  for  the  Fe3V14  sample 
and  5b  is  for  the  Fe3V12  sample. 

In  Figs.  5a  and  5b  we  plot  both 
these  features  for  the  Fe(3ML)/V(14ML)  and 
Fe(3ML)/V(12ML)  samples  respectively  as  a 
function  of  Qfm-  In  these  plots,  as  more  H 
is  added  the  V lattice  expands,  reducing  the  Q 
value  to  lower  values.  Therefore  the  data  on  the 
right  corresponds  to  the  samples  heated  under 
UHV  to  remove  all  hydrogen  whereas  the  data 
on  the  left  of  the  figure  is  for  a H2  loading  pres- 
sure of  700  torr.  In  both  cases  a clear  transition 
is  seen  from  an  antiferromagnetically  coupled 
state  for  low  H content  to  one  with  no  antiferro- 
magnetic coupling  and  a large  net  magnetization 
as  hydrogen  is  added.  The  two  samples  differ 


in  that  the  transition  in  the  Fe(3ML)/V(12ML) 
sample  occurs  much  more  sharply,  and  at  lower 
H content.  The  transition  occurs  at  a change  in 
the  V layer  thickness  of  0.58  A or  an  H:V  ratio 
of  7.9%  in  the  Fe(3ML)/V(14ML)  sample,  and 
a change  in  the  V layer  thickness  of  0.12  A or 
an  H:V  ratio  of  1.8%  in  the  Fe(3ML)/V(12ML) 
sample.  The  quicker  removal  of  the  antiferro- 
magnetic state  in  the  Fe(3ML)/V(12ML)  sample 
is  consistent  with  the  SQUID  results  which  show 
that  the  antiferromagnetic  coupling  is  much 
weaker  in  this  sample.  However  it  is  inconsis- 
tent with  the  behavior  expected  strictly  from  an 
expansion  of  the  lattice,  which  should  push  the 
Fe(3ML)/V(12ML)  to  the  left  in  Fig.  4,  toward 
stronger  coupling.  Also,  in  comparison  to  Fig.  4, 
the  extremely  small  change  in  the  V spacer  layer 
thickness  of  the  Fe(3ML)/V(14ML)  is  much  less 
than  the  amount  required  to  significantly  reduce 
the  coupling,  and  therefore  would  not  account 
for  the  loss  of  the  AFM  coupling.  Alternative 
explanations  for  the  loss  of  AFM  couphng  are: 
1)  H induced  changes  in  the  electronic  structure 
which  alter  the  fermi  wavevector;  2)  inhomoge- 
neous strain;  and  3)  H concentration  at  grain 
boundaries  in  the  V layers  acting  as  a conduc- 
tive bridge  and  directly  coupling  the  ferromag- 
netic Fe  layers.  This  work  is  still  in  progress.  We 
will  begin  by  investigating  samples  to  the  right 
of  the  resonance  in  Fig.  4 to  probe  if  explanation 
#1  is  valid.  To  investigate  explanation  #3  we 
can  compare  the  amount  of  H in  the  V layers  as 
measured  by  both  the  superlattice  intensity  and 
nuclear  reaction  measurements  to  the  amount 
of  H in  the  V lattice  as  inferred  from  the  lattice 
expansion. 

[1]B.  Hjorvarsson,  J.  A.  Dura,  P.  Isberg,  T. 

Watanable,  T.  J.  Udovic,  G.  Andersson,  C. 

F.  Majkrzak,  in  preparation. 

Location  of  Peptides  in  Alkane- 
thiol/Phospholipid  Biomimetic  Bilayer 
Membratnes 

Neutron  reflectivity  is  being  used  to  probe 
the  structure  of  peptides  associated  with  bio- 
mimetic  bilayer  membranes  in  aqueous  solu- 
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Figure  6.  Logio (reflectivity)  vs  Q from  a 
CigSH/DPPG  HBM  in  D2O  at  60°  C (fluid  phase) 
and  at  20° C (gel  phase).  A small  (1  - 2 A)  decrease 
in  the  DPPC  monolayer  thickness  was  detected  in 
the  fluid  phase. 

tion  in  collaboration  with  scientists  from  NIST’s 
Biotechnology  Division.  A single  hybrid  bilayer 
membrane  (HBM),  consisting  of  one  monolayer 
of  alkanethiol  and  one  monolayer  of  phospho- 
lipid, is  formed  on  a silicon  substrate,  coated 
with  50A  gold  on  a chromium  adhesion  layer, 
using  a modified  Langmuir-Blodgett  technique. 
Since  the  alkanethiol  monolayer  is  strongly 
bonded  to  the  gold  surface,  this  HBM  is  more 
rugged  than  a conventional  supported  bilayer, 
which  binds  only  weakly  to  a sihcon  surface. 
The  phosphohpid  monolayer  is  in  contact  with 
an  H2O  or  D2O  solution,  making  it  possible  for 
the  HBM  to  support  active  membrane  proteins. 
Thus,  HBMs  are  conunercially  significant  for  a 
nmnber  of  applications  including  biosensors,  tis- 
sue engineering,  bloelectronics  and  biocatalysis. 

Specular  reflectivity  measurements  are  sen- 
sitive to  changes  in  overall  bilayer  thickness  to 
within  1 — 2A.  To  illustrate  this,  an  HBM  of 
octadecanethiol  (CigSH)  and  DPPC  was  mea- 


Figure 7.  Logic  (reflectivity)  vs  Q from  a 
Ci8SH/d(54)-DMPC  HBM  in  D2O  in  the  presence 
(-I-)  and  absence  (— ) of  melittin,  a pore-forming  toxin 
which  is  eictive  in  HBMs.  The  data  show  qualita- 
tively that  melittin  serves  to  change  the  contrast  of 
the  HBM  relative  to  the  D2O  but  has  relatively  little 
influence  on  its  total  thickness.  This  suggests  that 
melittin  penetrates  at  least  jjartially  into  the  HBM. 

sured  at  NIST’s  BT7  reflectometer  in  D2O  at 
20°C,  corresponding  to  DPPC’s  gel  phase,  and 
at  60°  C,  corresponding  to  its  fluid  phase.  In  the 
fluid  phase,  the  acyl  diains  in  the  DPPC  mono- 
layer  are  disordered  and  move  more  fireely  than 
in  the  gel  phase.  Thus,  the  DPPC  monolayer  is 
less  rigid,  and  possibly  slightly  smaller  by  1— 2A, 
in  the  fluid  phase  than  in  the  gel  phase.  Fig.  6 
shows  that  this  small  change  in  thickness  of  the 
DPPC  monolayer  is  detectable  by  specular  re- 
flectivity measurements.  The  minimum  in  the 
60°  C data  is  located  at  a slightly  higher  Q value 
than  that  in  the  20°  C data,  indicating  that  the 
HBM  is  slightly  smaller  in  the  fluid  phase  than 
in  the  gel  phase. 

It  is  possible  to  determine  from  the  specu- 
lar reflectivity  measurements  the  neutron  scat- 
tering length  density  (SLD)  profile  of  the  HBM 
as  a function  of  depth  perpendicular  to  the  bi- 
layer surface.  Since  the  SLD  of  both  the  lipid 
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head  group  and  the  hydrocarbon  chciin  are  sig- 
nificantly diSerent  from  that  of  most  peptides, 
the  insertion  of  a peptide  into  the  bilayer  would 
change  the  SLD  in  the  layers  in  which  it  is  lo- 
cated, thus  changing  the  specular  refiectivity 
curve.  Melittin,  a pore-forming  toxin  often  used 
as  a model  for  other  similar  peptides,  was  cho- 
sen for  the  initial  refiectivity  measurements.  An 
HBM  of  CigSH  and  d(54)-DMPC  was  measured 
in  D2O  and  in  D2O  containing  melittin.  Changes 
in  the  refiected  intensity  as  a function  of  inci- 
dent angle  were  clearly  seen  with  the  addition  of 
mehttin,  as  shown  in  Fig.  7.  Since  the  maxima 
in  the  reflectivity  cinwes  occur  at  approximately 
the  same  Q - values  in  both  cases,  little  or  no 
change  in  bilayer  thickness  occurs  upon  the  in- 
sertion of  the  melittin.  Representative  neutron 
SLD  profiles  obtained  by  a model-independent 
fitting  method[l]  are  shown  in  Fig.  8.  Difier- 
ences  in  the  SLD  profiles  indicate  that  melittin 
penetrates  partially  into  the  HBM,  at  least  as 
far  as  the  acyl  chain  region  of  the  d(54)-DMPC 
monolayer. 

Although  melittin  is  often  used  in  model  bi- 
ological membranes,  its  exact  location  in  the  bi- 
layer is  not  well  known.  These  measurements 
provide  important  verification  of  penetration 
into  the  HBM.  Higher  resolution  measurements, 
which  are  currently  being  performed  on  the  new 
NGI  reflectometer,  should  result  in  a more  ex- 
act determination  of  the  location  of  melittin  and 
other  peptides  in  this  model  membrane  system. 

Reference 

[l]N.  F.  Berk  and  C.  F.  Majkrzak,  Phys.  Rev. 
B 51,  11296  (1995). 

Interlayer  Coupling  in  Annealed  Ni- 
Fe/Cu  Multilayers 

Recent  studies  of  giant  magnetoresistance 
(GMR)  in  electron-beam  evaporated  Permal- 
loy/copper (Ni-Fe/Cu)  multilayers  suggest  that 
this  system  may  be  a viable  candidate  for  ultra- 
high  density  recording  applications[l,2].  These 
multilayers  exhibit  several  desirable  properties 
including  low  remanence,  exceptionally  small 
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Figure  8.  Representative  neutron  SLD  profiles  ob- 
tained from  model-indep>endent  fits  to  the  data  in 
Fig.  7.  The  profiles  for  the  sample  with  melittin 
consistently  show  a higher  SLD  in  the  acyl  chain 
region  of  the  d(54)-DMPC,  indicating  that  melittin 
penetrates  at  least  into  this  region.  High  resolution 
measurements  are  necessary  to  further  pinpoint  its 
location. 

hysteresis,  temperature  stability  up  to  350° C, 
and  an  insensitivity  of  the  GMR  over  a broad 
range  of  Cu  and  Ni-Fe  layer  thicknesses.  Re- 
sistivity and  magnetization  measurements  show 
that  the  magnetoresistance  (AR/R)  increases 
from  < 0.3%  to  4.5%  following  a post-deposition 
heat  treatment  at  325°  C.  Inspection  of  the  hys- 
teresis curves  suggests  that  the  interlayer  cou- 
pling changes  from  ferromagnetic  to  antiferro- 
magnetic as  a direct  consequence  of  annealing. 
X-ray  diffraction  studies  of  related  materials 
reveal  that  the  interdifiusion  at  the  Ni-Fe/Cu 
interfaces  is  more  extensive  in  annealed  sam- 
ples[3,4]. 

To  determine  the  intrinsic  interlayer 
couphng  of  these  Ni-Fe/Cu  multilayers,  we 
performed  polarized  neutron  reflectivity  (PNR) 
experiments  on  the  BT-7  reflectometer  and 
measured  aU  four  spin  cross  sections,  (++), 
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( — ),  (h — ) and  ( — h)  as  a function  of  field 
applied  in-plane.  We  examined  four  samples 
that  were  diced  from  one  wafer  of  composition 
(Cu(37A)|Ni83Fe:7(27A)]io/Si02(5000A)/Si 
with  (111)  preferred  orientation.  Three  of  these 
were  subjected  to  different  heat  treatments 
(annealing  at  275,  300,  and  325°C  for  two 
hours)  [5,6]. 

We  first  characterized  each  sample  in  a small 
remanent  field.  Figure  9 shows  PNR  data  for  the 

325°C  annealed  multilayer.  The  (++)  and  ( ) 

cross  sections  are  effectively  equal  at  the  first- 
order  superlattice  peak  position,  but  they  differ 
at  the  half-order  position  {Qz  = 0.056  A“^).  In 
addition,  a peak  is  observed  at  half-order  in  the 
(H — ) and  ( — h)  data.  All  of  the  half-order  mag- 
netic scattering  disappears  upon  saturation  in 
a field  of  2 kOe.  Thus,  in  low  fields,  the  Ni- 
Fe  layer  moments  are  coupled  antiferromagnet- 
ically  along  the  growth  direction.  The  presence 
of  magnetic  scattering  in  all  fom  cross  sections 
means  that  the  Ni-Fe  moments  have  projections 
parallel  and  perpendicular  to  the  applied  field 
within  the  sample  plane.  However,  we  can  only 
account  for  roughly  one-third  of  the  bulk  Ni-Fe 
moment  in  our  preliminary  fits  (solid  and  dashed 
lines  in  Fig.  9). 

After  correcting  the  reflectivity  data  for  in- 
strumental background  contributions  and  for 
polarization  efficiencies,  a smooth  ridge  of  scat- 
tering remains  at  small  Qz  in  the  (H — ) and 
( — h)  cross  sections  (Fig.  9)  and  may  account 
for  some  of  the  “missing”  Ni-Fe  spins.  We  can 
simulate  this  feature  by  assuming  that  the  Ni- 
Fe  layer  moments  are  randomly  tipped  from  the 
antiparallel  orientation.  In  reality,  the  spins  re- 
sponsible for  this  scattering  may  reside  only  in 
the  interfacial  alloy  regions. 

Low-field  (-0.2  Oe)  specular  data  for  the 
300  °C  annealed  sample  also  show  an  antiferro- 
magnetic reflection,  but  it  is  quite  broad.  This 
anneal  temperature  is  apparently  sufficient  to  in- 
duce short-range  antiferromagnetic  order  along 
the  growth-axis.  We  do  not  observe  a peak  at 
half-order  for  the  as-deposited  and  275  °C  an- 
nealed samples.  These  data  are  suggestive  of 


Figure  9.  Polarized  neutron  reflectivity  of  the 
325°  C annealed  sample  in  a fleld  of  3.5  Oe  after  ap- 
plication of  a 150  Oe  fleld.  The  data  have  been  cor- 
rected for  background  contributions  and  polarization 
efficiencies.  The  open  and  shaded  circles  designate 
the  (++)  and  ( — ) cross  section  respectively,  and 
the  open  and  shaded  squares  mark  the  (H — ) and 
( — h)  cross  sections.  The  arrows  point  to  the  appro- 
priate vertical  axis  for  each  set  of  cross-sections.) 

ferromagnetic  interlayer  coupling. 

Our  PNR  results  demonstrate  that  the  low- 
field  magnetic  structures  of  the  as-deposited  and 
275  °C  annealed  multilayers  are  different  from 
those  of  the  300  and  325  °C  annealed  samples. 
Questions  remain  regarding  the  mechanism  re- 
sponsible for  switching  the  coupling  from  ferro- 
magnetic to  antiferromagnetic  as  a consequence 
of  annealing.  Cross-sectional  TEM  analysis 
shows  that  the  as-grown  Ni-Fe/Cu  sample  is 
composed  of  small  (150  - 300  A)  grains[2].  It 
is  thus  possible  that  the  Cu  migrates  into  the 
nominal  Ni-Fe  layers  upon  heating  to  form  flat 
Ni-Fe  platelets  separated  by  Cu  columns,  anal- 
ogous to  Ni-Fe/ Ag  multilayers [5, 6].  Theoretical 
models  [5,7]  demonstrate  that  magnetostatic  in- 
teractions between  these  platelets  could  possibly 
lead  to  weak  antiferromagnetic  coupling.  Alter- 
nately, the  as-grown  samples  might  have  “pin- 
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holes”  through  the  Cu  that  connect  the  Ni-Fe 
layers,  [8]  especially  if  the  evaporated  Cu  layers 
are  thin[2].  It  is  possible  that  anneahng  reduces 
the  pinhole  density,  thereby  unmasking  [9]  any 
intrinsic  RKKY-like  exchange  coupling  that  may 
exist  between  the  Ni-Fe  layers. 

In  either  case,  identification  of  the  inter- 
layer coupling  mechanism  will  require  addi- 
tional characterization  of  the  structural  and 
magnetic  properties  of  these  Ni-Fe/Cu  multilay- 
ers. Specifically,  we  plan  to  characterize  the  dif- 
fuse magnetic  scattering,  evident  in  preliminary 
transverse-Q  scans,  taking  advantage  of  the  new, 
higher-fiux  NG-1  refiectometer. 
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The  Magnetic  Structure  of  Cr  in 
Fe/Cr(001)  Superlattices 

Polarized  neutron  reflectivity  and  diffraction 
measurements,  in  collaboration  with  scientists 
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Figure  10.  Polarized  neutron  scattering  from  the 
Cr  antiferromagnetic  structure  at  high  angles,  mid- 
way {q  = 1.0A“^)  between  the  origin  and  the  (002) 
Bragg  peak  in  reciprocal  space.  (The  sharp  peak  to 
the  extreme  left  is  not  associated  with  the  Cr  mag- 
netic structure.)  The  non-spin-flip  scattering  (open 
circles)  is  due  to  projections  of  the  Cr  moments  par- 
allel to  the  minimal  magnetic  field  applied  vertically 
and  perpendicular  to  the  scattering  vector.  The  spin- 
flip  scattering  (filled  triangles)  arises  from  the  hori- 
zontal projections  of  the  Cr  moments  (but  which  are 
also  perpendicular  to  the  scattering  vector).  Two 
separate  peaks  appear,  spht  about  q = 1.0A~^,  due 
to  the  periodicity  of  the  superlattice. 

at  the  Ruhr-Universitat  in  Bochum,  Germany, 
have  been  performed  on  Fe/Cr  superlattices  to 
determine:  1)  the  magnetic  structure  of  the  Cr 
layers;  and  2)  whether  there  exists  a correlation 
between  the  magnetic  state  of  the  Cr  and  the  rel- 
ative orientation  of  the  ferromagnetic  Fe  layers 
which  can  be  parallel,  antiparallel,  or  even  non- 
collinear.  The  Fe/Cr  system  is  prototypical  of 
multilayers  in  which  the  magnetic  interlayer  cou- 
pling between  ferromagnetic  slabs  is  associated 
with  a “giant”  magnetoresistance  effect,  of  fun- 
damental scientific  interest  and  potential  tech- 
nological application  in  the  magnetic  storage 
of  information.  The  neutron  scattering  exper- 
iments are  particularly  revealing  and  staightfor- 
ward  to  interpert  given  that  the  magnetic  con- 
figuration of  the  Fe  layers  is  manifest  at  low  scat- 
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tering  angles  whereas  that  of  the  intervening  Cr 
is  evident  at  relatively  high  angles  because  of  the 
inherent  antiferromagnetic  coupling  between  its 
ferromagnetic  (001)  atomic  planes.  With  polar- 
ized neutron  beams,  it  is  possible  to  determine 
the  relative  directions  of  the  Fe  and  Cr  moments 
and  thereby  deduce  any  correlation  between  the 
magnetic  structures  of  the  two  different  materi- 
als. Polarized  neutron  diffiraction  data  obtained 
on  SPINS,  such  as  that  shown  in  Fig.  10,  have 
helped  demonstrate  that  the  relative  orientation 
of  the  Fe  layers  is  in  fact  determined  by  the  mag- 
netic structure  of  the  Cr  interlayers.  Although 
much  has  already  been  learned  about  this  de- 
pendence, more  work  needs  to  be  done  to  map 
out  a complete  phase  diagram  for  different  layer 
thicknesses  as  a function  of  temperature  and  ap- 
plied magnetic  field. 

Block  Copolymer  Films  on  Brushes: 
Controlling  Lamellar  Wetting 

It  is  well  known  that  thin  films  of  lamellar 
block  copolymers  typically  form  with  the  lamel- 
lae oriented  parallel  to  the  substrate  and  the 
free  surface  of  the  film.  One  of  the  two  blocks 
is  adsorbed  to  each  interface  during  the  early 
stages  of  annealling,  and  these  adsorbed  mono- 
layers  in  turn  induce  the  formation  of  successive 
parallel  lamellae  throughout  the  film.  The  to- 
tal film  thickness  t is  then  quantized  in  integer 
or  half-integer  multiples  of  the  bulk  lamellar  pe- 
riod L,t  = nL  or  {n  + l/2)L  (for  symmetric  and 
asymmetric  boundary  conditions,  respectively), 
resulting  in  the  striking  and  ubiquitous  phenom- 
enon of  island  and  hole  formation  at  the  free 
surface. 

It  is  of  interest  both  scientifically  and  for 
potential  applications  to  be  able  to  specify  at 
will  which  block  of  a diblock  copolymer  will 
adsorb  to  a substrate,  by  modifying  the  sub- 
strate’s surface  in  some  fashion.  One  seem- 
ingly obvious  way  to  achieve  this  is  to  coat 
the  substrate  with  a layer  of  end-grafted  chains 
having  the  same  chemical  composition  as  the 
block  which  we  desire  to  adsorb  to  the  sub- 
strate, i.e.  to  form  a polymer  brush.  Neu- 


Figure  11.  Neutron  reflectivity  for  PS-PMMA  films 
on  different  brushes. 

tron  reflectivity  and  optical  microscopy  stud- 
ies show  that  this  technique  is  indeed  effec- 
tive. Polystyrene  and  poly(methylmethacrylate) 
brushes  (Mw  = 10,000  gm/mol)  were  formed  on 
native  oxide-covered  sihcon  wafers  by  grafting 
of  end-functionalized  chains  from  the  melt  and 
rinsing  away  unreacted  chains  with  toluene.  The 
resulting  brushes  have  a dry  thickness  measur- 
ing 5-6  nm.  Films  of  P(dS-b-MMA)  (Mw  = 
50,000  gm/mol)  were  spin  coated  on  top  of  these, 
and  the  samples  were  annealled  at  170  C for  two 
days. 

Figure  11  shows  typical  neutron  reflectivity 
data  for  these  samples.  Clear  differences  be- 
tween the  data  sets  (points)  are  apparent,  es- 
pecially in  the  region  between  the  critical  edge 
and  the  first  Bragg  peak.  The  data  can  be  quite 
satisfactorily  fit  (solid  lines)  using  a simple  alter- 
nating slab  model,  with  layers  of  half  the  usual 
thickness  adjacent  to  the  substrate  and  free  sur- 
face. Layers  are  also  included  in  the  model  to 
represent  the  brush  and  the  native  oxide  layer. 
As  expected,  the  fits  show  that  the  layer  adja- 
cent to  the  PS  brush  is  composed  of  dPS,  and  the 
layer  adjacent  to  the  PMMA  brush  is  composed 
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of  PMMA.  The  top  layer,  adjacent  to  the  vac- 
uum interface,  is  composed  of  PS  in  both  cases. 

A more  interesting  question  is  raised  when 
one  considers  the  possibility  of  tuning  the  se- 
lectivity of  the  surface  in  a continuous  fash- 
ion, from  PS- preferential  to  PMMA-preferential. 
This  can  be  achieved  by  grafting  P(S-r-MMA) 
copolymers  to  the  substrate,  and  controlling  the 
styrene  monomer  fraction  f.  Since  there  is  al- 
ways a preference  for  PS  at  the  free  surface,  and 
it  is  not  possible  to  create  a substrate  which 
is  perfectly  neutral  (although  one  can  get  quite 
close  to  this  situation),  one  might  expect  that 
the  lamellae  would  remain  parallel  to  the  sub- 
strate for  all  values  of  f,  and  that  there  would 
be  a sharp  transition  in  the  wetting  behavior 
at  a critical  value  of  f,  from  PS  adsorption  to 
PMMA  adsorption  at  the  substrate. 

Experiments  yield  a quite  different  result. 
The  data  for  / = 0 and  / = 0.3  are  virtually 
identical  to  each  other,  as  are  the  data  for  0.65  < 
/ < 1.0,  and  correspond  to  the  simple  cases  of 
PMMA  and  PS  adsorption  at  the  substrate,  re- 
spectively. In  the  range  0.5  < / < 0.58,  how- 
ever, the  data  appear  quite  different,  in  that  the 
first  and  third  order  Bragg  peaks  are  strongly 
suppressed.  This  indicates  that  there  has  been 
a partial  (but  not  complete)  loss  of  ordering  in 
the  direction  normal  to  the  substrate.  When  the 
same  set  of  samples  (0  < / < 1)  are  studied  by 
SANS  at  normal  incidence,  those  samples  show- 
ing suppressed  Bragg  peaks  in  refiectivity  show  a 
sharp  scattering  ring  in  SANS;  while  those  sam- 
ples exhibiting  strong  Bragg  peaks  in  reflectivity 
give  featureless  SANS  data.  This  supports  the 
model  shown  in  Fig.  12  for  the  structure  of  the 
samples  with  0.5  < / < 0.58:  lamellae  are  ori- 
ented parallel  adjacent  to  the  air  surface,  and 
perpendicular  adjacent  to  the  substrate.  The 
structure  of  the  interface  between  these  two  re- 
gions is  not  known,  and  a possible  configuration 
is  shown  schematically  in  the  figure.  Electron 
microscopy  studies  are  planned  to  test  the  above 
interpretation  of  the  neutron  data. 

Alteration  of  the  substrate  properties  also 
has  a dramatic  affect  on  island  and  hole  forma- 
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Figure  12.  Model  for  PS-PMMA  film  on  a / = 0.58 
(PS-r-PMMA)  random  copolymer  brush.  Both  par- 
allel and  perpendicular  lamablae  are  formed.  In  the 
bottom  portion,  intensity  of  SANS  ring  as  function 
of  sample  thickness  is  shown  for  / = 0.58  sample 


tion.  Samples  which  adsorb  PS  have  the  thick- 
ness quantized  as  t = nL^  while  those  adsorb- 
ing PMMA  have  t = {n  + lf2)L.  Thus  the 
same  initial  film  thickness  will  give  different  sur- 
face coverages  of  islands  for  these  two  cases:  a 
film  thickness  w^hich  is  perfectly  commensurate 
in  one  case,  yielding  a flat  surface,  is  maximally 
incommensurate  in  the  other  case,  yielding  50% 
island/hole  coverage.  That  this  is  the  case  can 
easily  be  observed  in  a reflection  optical  micro- 
scope. Optical  microscopy  also  shows  that  PS- 
adsorbed  and  PMMA-adsorbed  samples  exhibit 
different  sets  of  interference  colors,  correspond- 
ing to  the  different  sets  of  allowed  thicknesses. 

Most  striking  of  all  is  that  copolymer  films 
formed  on  nearly  neutral  surfaces,  which  have 
lamellae  standing  on  end  adjacent  to  the  sub- 
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strate,  do  not  exhibit  island  and  hole  formation 
at  all  for  thickness  of  about  2L  or  greater.  The 
“extra”  thickness  beyond  a commensurate  value 
is  taken  up  by  the  layer  of  vertical  lamellae, 
whose  height  is  unconstrained,  rather  than  be- 
ing distributed  into  islands  on  the  surface.  Fig- 
ure 12  shows  the  intensity  of  the  normal  inci- 
dence SANS  ring  as  a function  of  film  thickness, 
for  copolymer  films  on  a / = 0.58  brush.  For 
tjL  > 2,  the  scattering  intensity  undergoes  a 
series  of  sawtooth-like  oscillations.  The  height 
of  the  vertical  lamellae  layer  increases  with  the 
film  thickness,  until  the  film  is  thick  enough  to 
accommodate  another  horizontal  layer;  at  this 
point,  the  vertical  layer  is  reduced  in  thickness 
by  L. 

Surface-Induced  Phase  Segregation  in 
Disordered  Diblock  Copolymers 

Above  the  order-disorder  transition,  an  A-B 
diblock  copolymer  possesses  no  long  range  or- 
der in  the  bulk;  the  average  volume  fraction  of 
each  component  is  spatially  uniform.  An  inter- 
face with  the  vacuum  or  a solid  surface  induces 
ordering  in  the  vicinity  of  the  smrface,  via  pref- 
erential interactions  with  one  of  the  two  blocks. 
The  local  volume  fraction  of  component  A in  a 
disordered  A-B  diblock  thin  film  has  the  form 

^a{z)  =<  > +Alexp(—z/x)cos{2pz/L)  -f 

A2exp{—{d  — z)  / x)cos{2p{d  — z)lL). 

The  amplitudes  Ai  and  A2  are  the  excess 
volume  fraction  of  component  A adjacent  to  the 
two  surfaces  of  the  film  at  2 = 0 and  z — d. 
^a{z)  undergoes  damped  oscillations  near  the 
film  surfaces,  with  period  L and  decay  length  x. 
(We  are  describing  the  case  of  films  with  thick- 
ness d >>  X,  so  that  the  two  surfaces  are  inde- 
pendent). Equation  (1)  was  first  derived  theo- 
retically by  Fredrickson,  and  has  been  confirmed 
by  neutron  reflectivity  for  a number  of  systems. 
For  P(dS-b-MMA)  diblocks  on  sihcon  oxide  sub- 
strates, the  styrene  block  segregates  to  the  vac- 
uum interface  due  to  its  lower  surface  tension, 
while  the  PMMA  block  wets  the  silicon  oxide 


surface  due  to  its  more  polar  character.  Thus 
the  amplitudes  Ai  and  A2  have  opposite  signs. 

Fredrickson’s  calculation  also  predicts  that 
the  oscillation  amplitudes  Ai  are  proportional 
to  the  strength  of  the  surface  potentials  which 
induce  the  surface  ordering.  This  has  not  been 
tested  because  the  degree  of  segregation  is  fixed 
for  a given  substrate;  there  has  been  no  method 
available  for  varying  (and  measuring)  the  sur- 
face potential  at  will.  Our  group  has  recently 
developed  a simple  but  effective  strategy  for  con- 
trolling the  interactions  of  pol3aners  with  solid 
substrates.  As  described  in  the  preceding  report, 
P(S-r-MMA)  random  copolymers  (Mw  =10,000 
gm/mol)  are  synthesized  with  various  styrene 
monomer  fractions  f,  and  end  grafted  to  native- 
oxide  covered  silicon  wafers  to  form  random 
copolymer  brushes  5-6  nm  thick.  As  f is  var- 
ied from  0 to  1 (PMMA  brush  to  PS  brush),  the 
interfacial  energies  of  PS  and  of  PMMA  with 
the  modified  surface  vary  in  opposite  directions, 
and  become  equal  at  approximately  / = 0.55. 
The  latter  case  is  termed  a “neutral  surface”. 
We  describe  here  the  results  of  a neutron  reflec- 
tivity study  of  surface  induced  phase  segregation 
in  disordered  P(dS-b-MMA)  diblock  copolymers 
(Mw  = 32,000  gm/mol)  in  contact  with  random 
copol5aner  brushes. 

Samples  were  prepared  by  spin  coating  200 
nm  films  of  the  diblock  onto  a series  of  silicon 
substrates,  which  had  previously  been  coated 
with  end-grafted  random  copolymer  layers  hav- 
ing styrene  fractions  / ranging  from  0 to  1. 
The  samples  were  annealled  at  150°C  in  vacuum 
for  one  day,  and  reflectivity  measurements  were 
made  at  room  temperature  on  the  NG7  reflec- 
tometer.  Reflectivity  data  for  the  samples  pre- 
pared on  / = 0 and  / = 1 brushes  (PMMA  and 
PS,  respectively)  are  shown  in  Fig.  13.  Pro- 
nounced differences  between  the  two  data  sets 
are  apparent,  in  the  vicinity  of  the  quasi-Bragg 
peak  near  Kz  = 0.0135.  The  points  are  the  data, 
and  the  lines  are  the  results  of  fits  done  using 
the  model  described  above;  the  best-fit  scatter- 
ing length  density  profiles  are  shown  in  Fig.  13. 
While  the  composition  oscillations  at  the  vac- 
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Figure  13.  Neutron  reflectivity  and  fits  for  PS- 
PMMA  films  on  f = 0 and  f = 1 copolymers  brushes. 
Scattering  length  densities  used  to  fit  the  data  are 
shown  in  the  upper  portion. 

uum  interface  in  both  samples  are  nearly  iden- 
tical, those  originating  at  the  substrate  are  180 
degrees  out  of  phase  with  each  other.  This  is 
because  the  wetting  layer  adjacent  to  the  brush 
is  composed  of  the  PS  block  in  one  case,  and  the 
PMMA  block  in  the  other. 

Fits  of  similar  quality  were  obtained  for  all 
values  of  f.  The  fit  parameters  which  we  are 
interested  in  are  the  oscillation  amplitudes  Ai 
and  A2  at  the  free  surface  and  substrate,  respec- 
tively. These  parameters  are  plotted  in  Fig.  14 
as  a function  of  the  brush  styrene  content  /.  It 
can  be  readily  seen  that  the  oscillation  ampli- 
tude at  the  free  surface,  Ai,  is  independent  of 
the  brush  composition.  This  is  expected,  since 


Figure  14.  PS  surface  excess  at  the  substrate  and 
free  surface  for  various  (PS-r-PMMA)  brushes.  Note 
the  jump  in  the  PS  excess  at  substrate  near  / = 0.6. 

segregation  at  the  vacuum  interface  is  driven 
only  by  the  surface  tension  diflFerence  between 
PS  and  PMMA.  (This  is  in  fact  temperature 
dependent,  and  more  recent  studies  have  con- 
firmed a strong  dependence  of  Ai  on  temper- 
ature). The  oscillation  amplitude  at  the  sub- 
strate, however,  shows  a strong  variation  with 
/•  For  / > 0.6,  A2  varies  approximately  lin- 
early with  /,  in  agreement  with  the  prediction  of 
Fredrickson.  More  interesting  is  the  sharp  break 
in  the  data  between  / = 0.58  and  / = 0.6.  A 
2%  change  in  the  styrene  content  of  the  brush 
has  induced  a tremendous  change  in  the  wet- 
ting behavior  of  the  copolymer  adjacent  to  the 
substrate,  from  very  weak  styrene  segregation  to 
very  strong  PMMA  segregation.  We  believe  that 
this  discontinuous  behavior  is  due  to  a “tun- 
nelling” effect,  driven  by  the  strong  attraction  of 
PMMA  to  silicon  oxide.  When  the  barrier  posed 
by  the  brush  becomes  sufficiently  reduced,  by 
decreasing  f,  the  MMA  block  of  the  copol5mer 
penetrates  the  brush  and  contacts  the  substrate. 
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8.6  % diblock  copolymer 


Figure  15.  Neutron  reflection  from  a lOOOA  and  a 
400A  blend  film  of  PSM  (PSD)PSD-b-PB  after  sev- 
eral flours  from  as-cast  state.  For  tfle  lOOOA  film,  tfle 
diblock  segregates  only  to  tfle  silicon  surface.  More- 
over, it  segregates  to  botfl  boundaries  in  tfle  400  A 
film,  setting  up  tfle  boundary  conditions  for  in-plane 
pflase  separation 

displacing  the  random  copolymer’s  styrene  seg- 
ments in  the  process.  A similar  effect  occurring 
with  PMMA  homopolymers  is  described  in  the 
pre\dous  report  in  this  volume.  The  reasons  for 
the  discontinuous  nature  of  this  transition  are 
not  fully  understood  at  present.  While  this  is 
quite  interesting  in  and  of  itself,  it  prevents  us 
from  controlling  the  surface  potential  over  the 
whole  range  desired:  a truly  neutral  surface  or 
one  which  weakly  wets  PMMA  is  not  possible 
due  to  the  tuimeUing  effect.  Further  experi- 
ments are  in  progress  to  find  a way  of  ehminating 
penetration  of  the  brush  by  the  PNIVIMA  block. 

Influence  of  Diblock  Copolymer  on 
Polymer  Blend  Phase  Behavior 

To  investigate  how  diblock  copolymers  af- 


fect the  beha\ior  of  phase  separating  poly- 
mer blends  on  surfaces,  binary  homopolymer 
blend  films  vdth  small  amounts  of  deuterated 
diblock  copolymer  were  studied  by  neutron  re- 
flection. The  polymers  utilized  for  this  study 
were  polystyrene  (PSH),  polybutadiene  (PB) 
and  the  diblock  copoloymer  (PSD-b-PB).  Pre- 
viously we  have  observ'ed,  utihzing  optical  mi- 
croscopy (OM)  and  atomic  force  microscopy 
(AFM),  a strong  suppression  of  surface  morphol- 
ogy of  phase  separating  polymer  blend  films  vdth 
addition  of  small  amounts  of  block  copolymer. 
Recent  studies  have  also  indicated  that  surfac- 
tant impurities  may  alter  the  spinodal  wave- 
length (Lc),  affecting  the  thickness  cross-over 
regime  from  3-d  to  2-d  phase  separation  kinet- 
ics observ’ed  when  L <<  Lc  [1].  We  anticipate 
that  the  diblock  copolymer  acts  similarly  to  sur- 
factants in  decreasing  Lc.  This  assumption  is 
consistent  -^ith  results  from  temperature  jump 
hght  scattering  measurements  for  which  pmax  (t 
= 0)  changes  from  0.0018  to  0.002  A~^  with  the 
addition  of  only  3%  diblock. 

Fig.  15  shows  the  neutron  reflectivity  from  a 
lOOOA  film  of  PSH(3k)/PB(3k)/PSD-l>PB  (5k- 
5k)  (45.7/45/8.6)  after  incubation  times  of  30 
hours  at  room  temperature.  A fit  to  the  data 
indicates  that  the  diblock  is  enriched  at  the  sih- 
con  surface,  more  initially  and  somewhat  less  at 
much  longer  times.  OM  revealed  that  the  film 
surface  was  smooth  even  a week  later.  Given 
that  the  pure  homopolymer  blend  film  would 
have  phase  separated  into  droplets  (late-stage 
of  phase  separation)  in  the  same  time  [1],  the 
diblock  is  evidently  very  effective  in  suppressing 
the  lateral  surface  pattern  formation.  However, 
another  blend  film  of  the  same  composition,  but 
with  a thickness  of  400A  exhibits  a very  differ- 
ent depth  profile.  In  this  “thinner”  fihn,  the  di- 
block is  enriched  at  both  the  air  and  the  sihcon 
surface  within  15  hours  of  casting  (see  Fig.  15) 
and  a spinodal  surface  pattern  appeared  a week 
later.  This  result  is  consistent  udth  the  hypothe- 
sis that  the  surface  patterning  occurs  in  samples 
which  exhibit  symmetric  boundary  segregation, 
i.e.  the  same  polymer  component  is  present  at 
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Figure  16.  This  figure  illustrates  the  eflFect  of  an- 
nealing a bilayer  of  lOK/lOOOK  (hPS/DPS)  system 
at  60°  C and  90° C (damped  and  highly  damped  state) 
compared  to  the  as-cast  profile  (sohd  line).  These 
sub  T^  (glass  transition  temperature)  measurements 
relate  to  relaxation  at  polymeric  interfaces  in  con- 
trast to  interdiffusion  at  T > T^. 

both  boundaries.  Further  neutron  reflection  and 
optical  microscopy  work  is  in  progress  to  study 
the  influence  of  diblock  copolymers  on  thin  film 
blend  phase  separation. 
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Relaxation  of  Polymeric  Bilayers  be- 
low the  Bulk  Glass  Trainsition  Temper- 
atures 

We  have  previously  observed  a rapid  relax- 
ation at  the  interface  of  a bilayer  of  regular  and 
deuterated  polystyrene  (hPS/dPS)  on  the  order 
of  40- 50 A when  it  was  heated  at  a temperature 
just  above  the  bulk  glass  transition  temperature 
(~100°C)  of  the  polymer.  It  was  speculated  that 


this  “burst  effect”  was  induced  by  a rapid  re- 
laxation of  the  interface  between  the  two  layers 
since  the  surface  tension  between  the  two  lay- 
ers was  no  longer  present  after  a bilayer  is  cre- 
ated. (The  bilayer  is  prepared  by  spin  coating 
the  bottom  layer  and  floating  on  the  top  layer.) 
To  investigate  this  phenomena  in  more  detail, 
two  sets  of  samples  were  prepared.  In  the  first 
set,  the  bottom  layer  was  dPS  of  ~ 450 A and 
the  top  floated  layer  was  ~ 1000 A,  while  in  the 
second  set,  the  top  layer  was  of  similar  thickness 
but  the  bottom  layer  was  on  the  order  of  150A. 
The  first  set  comprised  a batch  of  four  different 
matched  molecular  weights  (from  50k  to  1000k), 
one  highly  asymmetric  system  (lOk/lOOOk)  and 
one  for  which  the  lower  layer  was  end-grafted 
(EG85k/100k).  All  samples  of  this  set  were  iden- 
tically treated  thermally.  Fig.  16  shows  the  as- 
cast  and  annealed  reflectivity  proflle  of  one  such 
bilayer  (lOk/lOOOk),  annealed  for  Ihour  at  60°C 
and  at  90° C.  A damping  of  oscillations  is  seen  to 
occur  upon  annealing  at  a temperature  of  60°  C, 
that  is  well  below  the  bulk  T^  of  the  polymer 
of  ~100°C.  At  temperatures  below  60°C,  the 
damping  was  substantially  less  in  all  of  the  sam- 
ples, while  it  did  not  relax  significantly  more  at 
temperatures  between  60  and  90°  C.  Addition- 
ally, it  was  established  that  further  annealing 
much  longer  at  any  temperature  in  this  range  did 
not  produce  any  further  changes  in  the  reflectiv- 
ity, suggesting  a relaxation  tj^e  mechanism  for 
the  limited  interfacial  mixing.  However,  Fig.  16 
also  shows  that  the  reflectivity  is  quite  signifi- 
cantly damped  for  the  annealing  temperature  of 
90°  C.  Now,  the  samples  of  set  1 showed  stronger 
damping  of  oscillation,  as  if  indicative  of  inter- 
difiiision  above  “T^”  of  the  bilayer  film.  The 
asymmetric  system  showed  in  Fig.  16  interdif- 
fused  signiflcantly  more  than  the  other  molecu- 
lar weights.  Thus,  there  appears  to  be  a strong 
molecular  weight  effect  to  the  phenomena,  for 
molecular  weights  above  and  below  the  entangle- 
ment molecular  weight.  The  samples  of  the  sec- 
ond set,  where  the  bottom  layer  was  much  thin- 
ner showed  a continous  relaxation  all  the  way  up 
to  87.5° C,  in  contrast  to  the  first  set.  Further 
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experiments  are  required  to  pin  down  the  details 
of  the  relaxation  phenomena  and  the  transition 
from  relaxation  to  interdiffusion  in  thin  polymer 
bilayer  films. 
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Macromolecular  and  Microstructure  Studies 


Two  high  resolution,  30  m long,  small  an- 
gle neutron  scattering  (SANS)  instruments,  and 
a moderate  resolution  8 m SANS  instrument, 
are  the  principal  tools  used  at  the  CNRF  to 
characterize  the  nanoscale  structure  (~  1 to 
400  nm)  of  a wide  variety  of  materials  in- 
cluding polymers,  colloids  and  microemulsions, 
microporous  media,  biological  macromolecular 
complexes,  nanocrystalline  metals  and  ceram- 
ics, molecular  composites,  and  many  others.  A 
record  number  of  researchers,  over  250,  carried 
out  experiments  on  these  instruments  during  the 
year  covered  in  this  report,  the  first  full  year  of 
operation  of  the  CNRF’s  new  liquid  hydrogen 
cold  source.  The  titles  of  the  SANS  studies  con- 
duct in  the  past  year  (except  for  those  listed 
elsewhere  in  this  report)  are  listed  at  the  end  of 
this  section.  Summarized  below  are  highlights 
of  some  of  this  work  in  which  Reactor  Division 
staff  scientists  have  played  a leading  role. 

Complex  Fluids 

• Supercritical  C02-Bcised  Microemul- 
sions 

Carbon  dioxide,  because  of  its  low  cost,  low 
toxicity,  and  readily  accessible  critical  point  is 
the  ideal  solvent  for  use  in  supercritical  fluid  ex- 
traction techniques.  Unfortunately,  hydrophilic 
solutes  are  only  sparingly  soluble  in  carbon  diox- 
ide. Therefore,  a mechanism  for  enhancing  their 
solubihty  in  CO2  is  necessary  to  make  CO2  ex- 
traction of  hydrophilic  solutes  commercially  fea- 
sible. Recently,  ammonium  carboxylate  perfluo- 
ropolyether  (PFPE)  has  been  shown  to  dissolve 
in  CO2  and  enhance  the  solubility  of  water  in 
CO2.  Several  observations  and  measurements 
suggest  that  the  added  water  is  encapsulated  in 
inverse  micelles[l].  However,  none  of  the  previ- 
ously used  techniques  allow  quantitative  deter- 
mination of  the  micellar  size,  structure,  or  in- 
termicellar  interactions.  SANS  is  an  ideal  tech- 
nique for  quantitatively  measuring  the  structure 


and  interactions  in  inverse  micellar  solutions  be- 
cause the  length  scales  probed  include  both  the 
size  of  the  aggregate  and  the  interaggregate  dis- 
tance. 

This  investigation,  carried  out  in  collabora- 
tion with  Prof.  E.  Kaler’s  group  at  the  Univer- 
sity of  Delaware,  focused  on  PFPE/D2O/CO2 
microemulsions  as  a function  of  D2O  concen- 
tration and  pressure,  clearly  showing  that  wa- 
ter swollen  reverse  micelles  form  in  supercrit- 
ical CO2  [2].  Phase  behavior  and  small  an- 
gle neutron  scattering  (SANS)  experiments  were 
performed  on  D20-in-C02  microemulsions  as 
a function  of  pressure  (192  - 287  bar)  and 
D2O  composition  (0.8-2. 0 wt%).  For  these  mi- 
croemulsion droplets  the  scattered  intensity  is 
dominated  by  the  D2O  core,  which  has  a neu- 
tron scattering  contrast  (Ap)^  nearly  two  orders 
of  magnitude  larger  than  the  C02-rich  PFPE 
shell  surrounding  the  core.  Sample  tempera- 
ture was  maintained  at  35°C,  above  the  critical 
temperature  of  C02(Tc  = 31°C).  The  view  cell 
used  for  the  phase  behavior  study  and  sample 
preparation  is  based  on  a prior  design  [3],  and 
was  connected  to  the  NIST  SANS  high  pressure 
cell.  The  NIST  pressure  cell  has  been  previously 
used  for  liquid  and  semi-solid  materials  and  has 
proved  versatile  and  reliable  for  use  with  super- 
critical fluids. 

The  prepared  microemulsion  sample  was 
transferred  from  the  view  cell  to  the  SANS  cell 
nearly  instantaneously  by  using  nitrogen  as  the 
pressurizing  fluid  in  the  view  cell.  Sample  trans- 
fer was  accomplished  by  opening  a valve  between 
the  view  and  SANS  cells,  allowing  the  sample 
to  flow  rapidly  into  the  SANS  cell.  Concurrent 
with  the  sample  flowing  into  the  SANS  cell,  a 
self- venting  pressure  control  valve  allowed  addi- 
tional nitrogen  to  flow  into  the  pressurizing  side 
of  the  view  cell,  thereby  maintaining  a constant 
sample  pressure. 

SANS  measurements  were  made  on  mixtures 
of  PFPE,  CO2,  and  D2O  in  the  one-  phase  re- 
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Figure  1.  SANS  spectra  of  0.8,  1.5,  and  2.0  wt% 
D2O  in  CO2  / PFPE  mixtirres  at  35° C and  287  bar. 
The  PFPE  concentration  is  2.1  wt  %.  The  1.5%  and 
2.0%  D2O  data  sets  are  shifted  up  by  scale  factors  of 
3 and  9 respectively  for  clarity.  Note  the  changes  at 
both  low  and  high  q in  these  spectra  reflecting  the 
change  in  miceUe  size.  Lines  represent  model  fits  to 
the  data  for  polydisperse  spheres  (standard  deviation 
25%)  of  radius  20,  27,  and  35  A respectively  as  the 
D2O  concentration  is  increased. 

gion  in  the  C02-rich  corner  of  the  phase  diagram 
(2.1  wt%)  PFPE  on  a D20-free  basis).  Figure 
1 shows  the  SANS  spectra  for  a series  of  mi- 
croemulsions  with  increasing  concentrations  of 
D2O,  at  a constant  pressure  of  287  bar.  Note  the 
increase  in  the  magnitude  of  the  scattered  inten- 
sity at  low  q,  as  well  as  changes  in  the  shape  of 
the  scattered  intensity  in  the  higher  q portions  of 
the  spectra.  This  change  in  scattering  at  higher 
q qualitatively  indicates  changes  in  microemul- 
sion droplet  size.  To  quantify  these  changes,  the 
spectra  were  fit  to  a model  of  polydisperse  spher- 
ical droplets. 

The  D2O  core  radius  remains  essentially  un- 
changed with  changes  in  pressure  at  20  A for 
the  0.8  wt%  D2O  samples,  27  A for  the  1.5  wt% 
D2O  samples  and  35  A for  the  2.0  wt%  D2O  sam- 
ples. The  constant  core  radius  is  consistent  with 
the  lack  of  change  in  water  solubility  in  CO2 
with  pressure,  maintaining  a constant  partition- 
ing of  water  between  the  core  of  the  micelle  and 
the  bulk  solvent.  There  are  also  relatively  weak 
changes  in  the  interfacial  tension  forces  acting 


to  drive  changes  in  droplet  size,  as  measured  in 
similar  CO2  and  PFPE  mixtures.  However,  in- 
creasing the  water  content  of  the  microemulsion 
results  in  a significant  increase  in  the  droplet  ra- 
dius as  the  added  water  enters  the  micelles.  At 
lower  pressures,  near  the  phase  boundary,  crit- 
ical fluctuations  contributed  to  the  scattering. 
The  compressibility  and  the  correlation  length 
were  found  to  increase  with  decreasing  pressure, 
as  expected  for  samples  approaching  a phase 
boundary.  These  C02-based  microemulsions 
contain  aqueous  regions  large  enough  to  solu- 
bilize biological  molecules  such  as  proteins,  with 
potential  use  in  industrial-scale  separations.  A 
supercritical  CO2  microemulsion  with  a signifi- 
cantly reduced  level  of  incoherent  scattering  may 
also  provide  a unique  and  advantageous  SANS 
environment  for  biological  molecules. 

• Structure  and  Interactions  in  Binary 
Colloidal  Mixtures 

The  growing  interest  in  colloidal  mixtures 
has  prompted  many  investigations  of  their  equi- 
librium and  non-equilibrium  behavior,  and  a 
fundamental  understanding  of  the  interactions 
that  control  the  stability  and  phase  behavior  of 
colloidal  mixtures  is  of  significant  practical  im- 
portance. One  underlying  theme  in  the  study 
of  colloidal  mixtures  is  the  effect  that  any  ‘mi- 
crostructure’ in  the  solvent  has  on  a dispersion. 
The  oldest  example  of  this  phenomena  is  the 
depletion  attraction  induced  by  the  addition  of 
soluble  polymer  to  an  otherwise  stable  colloidal 
dispersion  [4].  Information  about  the  three  pair 
interactions  present  in  such  a bimodal  colloidal 
mixture  can  be  determined  through  properly  de- 
signed small-angle  scattering  experiments.  A 
recently  developed  optimization  regularization 
(OR)  technique  [5]  provides  quantitative  partial 
structure  factors  for  bimodal  colloidal  mixtures 
through  the  inversion  of  a set  of  solvent  contrast 
variation  SANS  measurements. 

This  study,  also  in  collaboration  with  Prof. 
Kaler’s  group  at  the  University  of  Delaware,  fo- 
cuses on  the  behavior  of  aqueous  mixtures  of  col- 
loidal silica  and  an  oil-in-water  microemulsion 
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comprised  of  AOT,  decane,  and  brine  [6].  Mi- 
croemiilsions  are  thermodynamically  stable,  and 
through  changes  in  temperature  or  composition 
a variety  of  microstructures  can  be  formed  us- 
ing the  same  set  of  microemulsion  components. 
This  added  degree  of  flexibility  is  not  found  in 
other  colloidal  mixtures.  One  challenge  is  that 
kinetically  stable  solid  dispersions  are  sensitive 
to  the  nature  of  their  chemical  environment,  and 
this  sensitivity  to  aggregation  imposes  severe 
constraints  on  the  formulation  of  a compatible 
microemulsion.  Despite  these  constraints,  the 
wealth  of  data  concerning  microemulsion  behav- 
ior makes  it  relatively  easy  to  tailor  a microemul- 
sion for  such  an  apphcation. 

Microemulsion  - silica  mixtures  were  pre- 
pared at  three  diflPerent  oil  concentrations  of  a = 
5,  10,  and  15  at  a constant  silica  concentration. 
a is  defined  as  the  weight  percent  of  decane  in 
the  brine  and  does  not  include  the  surfactant. 
At  each  value  of  q,  SANS  measurements  were 
performed  on  mixtures  with  solvent  (brine)  scat- 
tering length  densities  of  3.80,  4.10,  4.40,  and 
4.80  X 10^^  cm“^.  The  OR  method  was  applied 
to  these  sets  of  scattering  data,  extracting  par- 
tial structures  at  each  oil  concentration,  a. 

The  three  experimental  partial  structure  fac- 
tors for  a mixture  (prnem  = 0.29  (corresponding 
to  a = 15)  and  (psiUca  — 0.071  are  shown  in 
Fig.  2.  The  microemulsion  droplet  volume  frac- 
tion, (prnerm  includes  both  the  decane  and  the 
hydrocarbon  tails  of  the  AOT.  The  experimen- 
tal values  are  shown  as  points,  and  the  error  bars 
shown  are  derived  from  a sensitivity  analysis  and 
represent  the  relative  error  associated  with  each 
partial  structure  factor,  rather  than  absolute  er- 
ror. The  solid  fines  through  the  data  are  the 
best-fit  partial  structure  factors  calculated  us- 
ing a multicomponent  sticky  hard  sphere  (SHS) 
model. 

The  data  analysis  reveals  that  the  silica-silica 
(SLL)  interaction  potential  remains  nearly  con- 
stant at  2.0  ± O.l/cT  for  all  three  microemulsion 
compositions.  The  microemulsion-silica  (S/iL) 
interactions  are  also  constant  and  equal  to  zero, 
so  these  are  hard  sphere-effective  hard  sphere 


Figure  2.  Optimized  partial  structure  factors  from 
a coUoid-microemulsion  mixture  of  Prnem  — 0-29  and 
p silica  — 0.071.  The  experimental  partial  struc- 
ture factors  are  shown  as  open  circles  with  the 
microemulsion-microemulsion  partial  structure  fac- 
tor offset  for  clarity.  The  solid  fines  are  best-fit  par- 
tial structure  factors  calculated  for  a multicompo- 
nent mixture  of  sticky  hard  spheres. 

interactions.  Some  level  of  repulsive  interac- 
tions remain  between  the  charged  microemulsion 
droplets,  so  the  microemulsion-microemulsion 
(Sfifi)  interactions  are  modeled  as  effective  hard 
sphere  interactions.  More  appropriate  theoret- 
ical models  are  necessary  to  correctly  describe 
the  interactions  present  in  these  mixtures,  but 
are  not  currently  available. 

Modeling  of  the  partial  structure  factors 
yields  the  three  binary  interaction  potentials  in 
the  mixtures  as  a function  of  the  decane  concen- 
tration in  the  microemulsion,  permitting  char- 
acterization of  the  microemulsion-induced  de- 
pletion attraction  as  the  size  ratio  in  the  col- 
loidal mixture  changes.  Results  show  convinc- 
ingly that  the  addition  of  oil  to  a droplet  mi- 
croemulsion  does  not  adversely  affect  the  stabil- 
ity of  colloidal  silica  particles,  even  at  the  large 
volume  fraction  (ca.  40%)  of  dispersed  struc- 
tures present  in  these  mixtures.  These  results 
contrast  with  the  resrdts  for  a similar  mixture  of 
colloidal  silica  and  sodium  dodecyl  sulfate  mi- 
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Figure  3.  SANS  patterns  from  a 25  weight  % 
aqueous  solution  of  the  triblock  copolymer  PEO25- 
PPO40PEO25  in  radial  geometry  (A)  at  32° C,  (B)  at 
35°C,  (C)  at  40°C,  20  Hz  steady  shear;  (D)  same  as  C 
in  tangential  geometry;  (E)  radial  geometry  at  40° C, 
0 Hz;  (F)  same  as  E in  tangential  geometry;  (G)  ra- 
dial geometry  at  40°  C,  during  and  post-oscillatory 
shear;  (H)  tangential  complement  of  G.  The  scatter- 
ing vector  Q ranges  from  0.13  nm~^  near  the  beam 
stop,  to  0.95  nm~^  at  the  edges. 

celles.  In  that  study  [7]  the  attractive  silica- 
sihca  interaction  potential  increased  in  strength 
as  more  micelles  were  added,  resulting  in  the  ir- 
reversible flocculation  of  the  silica  particles. 

• Shear-Induced  Structurzd  Transitions 
in  Polymer  Micelle  Solutions 

The  solution  behavior  of  triblock  copoly- 
mers is  of  intense  industrial  and  academic  in- 
terest due  to  the  technological  promise  for  ap- 
plications including  colloid  stabilization,  viscos- 
ity control,  preventing  damage  to  microorgan- 
isms in  bioprocessing,  and  controlled  drug  re- 
lease [8] . Aqueous  solutions  of  the  commercially- 
available,  nonionic,  symmetric  triblock  PEOn- 
PP07n-PEOn,  show  particularly  rich  phase  be- 
havior, from  Gaussian  pol3niier  chains  at  low 
temperatures  and  micelles  at  higher  tempera- 


tures, to  an  “inverse  melting  transition”  to  form 
a micellar  crystalline  phase  upon  further  heating 
[9], 

SANS  was  used  to  study  the  micellar  struc- 
tures formed  in  a 25  weight  % solution  of  PEO25- 
PPO40-PEO25  in  D2O,  which  is  known  to  form 
a micellar  crystalline  phase  upon  heating  and 
upon  subjecting  it  to  shear  [10].  Samples  were 
studied  in  the  NIST-Boulder  couette-type  shear 
cell  with  a 0.5  mm  gap  between  the  inner  cyhn- 
drical  stator  and  outer  cylindrical  rotor.  This 
assembly  was  then  heated  in-situ  on  the  30m 
SANS  instrument  where  the  samples  were  ob- 
served in  both  radial  (incident  beam  perpendic- 
ular to  shear  direction  (v),  parallel  to  shear  gra- 
dient (Vv))  and  tangential  (beam  parallel  to  v, 
perendicular  to  Vv)  geometries. 

As  has  been  reported  in  the  hterature  [10], 
the  triblock  copolymer  solution  gradually  forms 
micelles  upon  heating,  imtil  all  of  the  polymer 
chains  are  hydrodynamically  and  thermodynam- 
ically driven  to  form  spherical  micelles,  as  evi- 
dent by  the  well-deflned  SANS  ring  pattern  in 
Fig.  3A.  Further  heating  through  the  inverse- 
melting transition  induces  a large-grain,  poly- 
crystalline structure  (Fig.  3B).  Under  shear  a 
single  crystal-like  structure  forms  which  is  most 
highly  oriented  at  shear  rates  of  ~20  Hz.  The 
diffraction  spots  seen  at  20  Hz  in  the  radial  (Fig. 
3C)  and  tangential  (Fig.  3D)  geometries  corre- 
spond to  close-packed  planes  of  micelles  that  are 
parallel  to  the  walls  of  the  shear  cell  and  which 
have  a predominantly  ABABAB...  stacking  (hep 
structure)  in  the  shear  gradient  direction.  Re- 
markably, upon  the  cessation  of  shear,  a trans- 
formation to  a different  oriented  structure  [11] 
occurs  within  100  seconds  as  evidenced  by  the 
patterns  seen  in  Fig.  3E  and  Fig.  3F  for  the 
radial  and  tangential  geometries,  respectively. 

The  observed  shear-induced  structural  trans- 
formation was  found  to  be  reversible  and  repro- 
ducible upon  repeated  application  and  removal 
of  steady  shear  and  has  not  been  previously  re- 
ported. We  have  found,  in  addition,  that  the 
transformation  to  the  structure  at  0 Hz  can  be 
inhibited  by  subjecting  the  sample  to  a strong 
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oscillatory  shear.  Figures  3G  and  3H  show  the 
radial  and  tangential  (respectively)  SANS  pat- 
terns of  the  sample  being  subjected  to  200% 
strain  at  a frequency  of  ~ 4 Hz  (maximum  shear 
rate  of  ~ 120  Hz).  The  patterns  resemble  those 
of  the  20  Hz  steady  shear  except  that  each  of  the 
visible  spots  is  now  split-indicative,  perhaps,  of 
twinning  in  the  crystal.  What  is  most  striking 
about  this  structure,  compared  with  the  steady 
shear  behavior,  is  its  persistence;  cessation  of  the 
applied  oscillatory  shear  has  no  further  effect  on 
it.  It  was  found  that  only  significant  temper- 
ature change  or  subjecting  the  sample  again  to 
steady  shear  could  disrupt  this  oscillatory  shear- 
induced  structure. 

These  results  indicate  that  the  rich  phase  be- 
havior observed  in  this  system  as  a function  of 
temperature  becomes  even  more  complex  with 
the  application  of  shear.  New  theories  and  mod- 
els for  the  “soft  sphere”  interactions  in  pol5nner 
micelle  solutions  will  need  to  be  developed  to 
account  for  all  of  the  observed  phenomena. 

Polymers 

• Early  Stages  of  Nucleation  £uid  Growth 

in  a Polymer  Blend 

Over  the  past  few  years,  substantial  effort 
has  been  devoted  to  the  understanding  of  the 
demixing  process  in  polymer  blend  mixtures. 
The  thermodynamics  of  phase  separation  pro- 
ceed either  through  a homogeneous  spinodal  de- 
composition (sinusoidal  density  wave  across  the 
sample)  or  through  the  formation  of  nucleation 
centers.  Whereas  spinodal  decomposition  is  well 
understood  and  has  been  investigated  at  length 
using  scattering  methods,  the  nucleation-and- 
growth  process  in  polymers  has  not  received 
much  attention.  The  nucleation-and-growth  re- 
gion of  the  phase  diagram  constitutes  a nar- 
row strip  between  the  binodal  and  spinodal  lines 
and  is  therefore  harder  to  access  than  the  much 
larger  spinodal  region. 

SANS  is  well  suited  for  investigations  of 
the  kinetics  of  phase  decomposition  in  polymer 
blends  in  the  early-to-intermediate  stages.  Fol- 


Figure  4.  Variation  of  SANS  profiles  from  polymer 
blend  samples  of  polyethylbutylene  (PE)  and  poly- 
methylbutylene  (PM)  (with  added  diblock  copoly- 
mer PE-PM)  with  time  after  a temperature  jump 
(a)  for  sample  B20  (spinodal  decomposition  process) 
and  (b)  for  sample  B50  (nucleation-and-growth  re- 
gion). Samples  B20  and  B50  contain  20%  and  50% 
copolymer  respectively. 

lowing  a temperature  jump  from  the  one-phase 
to  the  two-phase  region,  SANS  can  be  used 
to  monitor  structural  changes  in  real  time.  In 
collaboration  [12]  with  N.  Balsara  (Polytechnic 
University,  Brooklyn,  NY),  two  blends  of  poly- 
ethylbutylene (PE),  polymethylbutylene  (PM) 
and  a diblock  copolymer  (PE-PM)  with  compo- 
sitions (by  volume)  of  27%  PE,  53%  PM,  20% 
PM-PE  (sample  B20),  and  17%  PE,  33%  PM, 
50%  PM-PE  (sample  B50),  corresponding  to  the 
spinodal  and  the  nucleation-and-growth  regions 
(at  25°C),  respectively,  were  used  to  compare 
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Figure  5.  Variation  of  the  SANS  peak  intensity  with 
time  showing  the  difference  between  the  two  phase 
separation  processes:  spinodal  decomposition  (top 
curve)  and  nucleation-and-growth  (bottom  curve). 

these  two  forms  of  phase  separation.  The  PE 
polymer  was  deuterium  labeled  in  order  to  en- 
hance the  neutron  contrast.  Since  the  molecular 
size  and  the  relative  concentration  of  the  PE  and 
PM  homopolymers  were  nearly  the  same  in  both 
samples,  the  time  scale  for  molecular  motion  at 
a particular  temperature  is  expected  to  be  the 
same.  Therefore  any  difference  in  the  evolution 
of  structure  in  these  blends  can  be  directly  at- 
tributed to  differences  in  “location”  of  the  blend 
relative  to  the  phase  boundary. 

SANS  kinetics  were  monitored  for  many 
hours  following  a temperature  jump  from  250°  C 
to  25°  C for  each  sample.  The  early  stage  of 
phase  separation  for  the  two  samples  was  com- 
pletely different  (Figures  4a, b).  The  first  sample 
(B20)  showed  typical  spinodal  decomposition 
behavior  where  a spinodal  peak  appears  almost 
instantly  then  moves  to  lower  Q’s  with  time 
while  its  intensity  builds  up.  The  second  sam- 
ple (B50)  does  not  show  any  peak  in  the  scat- 
tering intensity  for  the  first  2 hours;  this  is  be- 
hoved to  be  the  signature  of  a nucleation  process. 
Average  nucleation  cluster  sizes  and  number  of 
chains/cluster  were  estimated  and  found  to  in- 


crease with  time.  Comparison  of  the  veiriation 
of  the  SANS  intensity  with  time  over  the  first 
few  hours  shows  the  difference  between  the  two 
kinds  of  phase  separation  for  the  two  samples. 
In  the  spinodal  decomposition  case,  the  inten- 
sity grows  rapidly  from  the  beginning  whereas  in 
the  nucleation-and-growth  case,  there  is  in  ini- 
tial slow  “incubation”  period  when  clusters  are 
formed  (see  Fig.  5)  before  the  intensity  starts 
growing. 

The  results  for  the  early  stages  of  nucleation 
and  growth  obtained  in  this  study  are  not  im- 
derstood.  Hence  further  study  is  needed  using 
a variety  of  techniques  to  verify  that  the  novel 
technique  used  to  access  this  region  of  the  phase 
diagram  does  not  introduce  unintended  effects. 

• SANS  from  Pressurized  Polyolefin 

Blends 

The  SANS  technique  is  developing  into  an 
effective  tool  to  study  pressure  effects  on  the 
miscibility  of  polymer  blends.  Pressure  is  an 
important  thermodynamic  parameter  which  en- 
ters in  most  forms  of  polymer  processing  and 
infiuences  many  polymer  properties  such  as  mix- 
ing/demixing, morphology  and  texture,  etc.  In 
previous  work,  blends  that  phase  separate  upon 
heating  (LCST)  were  investigated  and  found 
to  undergo  pressure-induced  phase  mixing;  pre- 
sumably due  to  the  reduction  of  free  volume 
with  increasing  pressure.  Over  the  past  year, 
blends  that  phase  separate  upon  cooling  (UCST) 
have  been  investigated  under  pressure  in  collab- 
oration with  N.  Balsara  (Polytechnic  University, 
Brooklyn,  NY)  and  are  described  here. 

A polyolefin  blend  of  polyethylbutylene  (PE) 
and  pol3miethylbutylene  (PM)  characterized  by 
a low  glass-rubber  transition  temperature  has 
been  measured  imder  pressure  and  temperature 
control.  One  component  was  deuterium  labeled 
(DPM)  in  order  to  enhance  the  SANS  signal  and 
a diblock  copolymer  (PE-PM)  was  added  in  or- 
der to  adjust  the  phase  transition  temperature 
to  easily  reachable  values.  The  effect  of  pressure 
was  seen  to  shift  the  phase  boundary  lines  up- 
ward in  temperature,  i.e.,  pressure  favors  demix- 
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hPEB/dPMB/hPEB-hPMB 


Figure  6.  Estimated  variations  of  the  spinodal  tem- 
perature (Tg)  and  binodal  temperature  (Tb)  with 
pressure,  for  a polymer  blend  with  a UCST,  derived 
from  SANS  measurements. 

ing  in  this  UCST  system. 

Careful  monitoring  of  the  SANS  intensity 
(when  the  sample  is  in  the  one-phase  re^on)  is 
a good  indicator  of  the  proximity  of  phase  tran- 
sition lines.  A conventional  method  (extrapola- 
tion of  l/Io  vs  1/T  where  T is  the  absolute  sam- 
ple temperature  and  lo  is  the  SANS  intensity  in 
the  forward  direction)  was  used  to  determine  the 
spinodal  temperature  rehably.  Moreover,  l/Io 
(intercept  of  Zimm  Plot)  becomes  negative  when 
the  sample  phase  separates;  i.e.,  when  it  crosses 
the  binodal  line.  These  two  methods  were  used 
to  map  out  the  spinodal  and  binodal  temperar^ 
tures  and  monitor  their  variation  with  pressure 
(see  Fig.  6).  It  is  interesting  to  see  that  in  om: 
sample,  the  nucleation-and-growth  region  nar- 
rows down  under  pressure.  SANS  is  the  only 
method  that  can  give  such  results. 

Pressure  jumps  (at  fixed  temperature)  from 
the  one-phase  region  to  the  two-phase  region 
have  been  performed  for  the  first  time.  The  ki- 
netics of  phase  separation  have  been  followed 
for  many  hours  whereby  a spinodal  peak  a]> 
peared,  then  built  up  while  moving  to  lower  Q 
values  (Fig.  7).  Reverse  pressure  jumps  (two- 
phase  region  to  one-phase  re^on)  have  also  been 


PRESSURE  JUMP  IN  PEB/PMB/PEB-PMB 


Pressure  Jump:  0J2  KpsI  to  IS  Kpsi  Q 40^C 


Figure  7.  The  time  evolution  of  the  small  angle 
scattering  from  a jjolymer  blend  following  a pressure 
jump  from  ambient  pressure  to  1 kBar  at  a fixed  tem- 
perature (40°  C)  corresponding  to  a jump  from  the 
one-phase  region  to  deep  within  the  spinodal  region. 

performed  and  the  kinetics  of  dissolution  of  the 
formed  structure  have  been  investigated.  In  this 
dissolution  process,  the  peak  intensity  decreases 
while  the  peak  position  moves  (also)  to  lower 
Q’s. 

Quantitative  analysis  of  our  observations  re- 
mains to  be  performed.  At  the  present  time, 
the  observed  trends  appear  reasonable  and  this 
novel  use  of  pressure  changes  with  scattering 
measurements  appears  to  be  an  effective  method 
of  probing  and  elucidating  polymer  blend  phase 
behavior.  Pressure  jumps  are  easier  to  real- 
ize experimentally  than  temperature  jmnps  and 
may  also  prove  to  be  useful  in  the  processing  of 
polymer  mixtures. 
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Neutron  Diffraction  Measurement  of 
Residual  Stress 

Considerable  progress  has  been  made  in  the 
last  five  years  at  NIST  in  a number  of  areas  re- 
lating to  the  neutron  diffraction  measurement  of 
residual  stress.  This  includes  the  development  of 
new  methods  of  sample  alignment  (“ALIGN”), 
and  the  development  of  a comprehensive  data 
reduction  program  (“STRESS”).  The  most  sig- 
nificant accomphshment  in  FY96,  however,  is 
the  completion  of  construction,  installation,  and 
initial  utilization  of  a new  multipurpose  double- 
axis diffractometer,  “DARTS”,  with  a number 
of  state-of-the-art  features  specifically  for  im- 
proved residual  stress  measurement.  The  soft- 
ware with  which  data  from  this  instrument  is 
analyzed  (“CONVERT”)  has  been  developed. 

Applications  of  the  neutron  diffraction  tech- 
nique to  engineering  applications,  particularly 
weldments,  have  resumed. 

• A New  Double-Axis  Spectrometer  for 
Residual  Stress,  Texture,  and  Single- 
Crystal  Analysis  (“DARTS”) 

A new  multipurpose  neutron  diffraction 
instrument  for  residual  stress,  texture  and 
single-crystal  diffraction  studies  at  the  NIST 
Reactor  became  operational  in  March  of 
1996.  The  principal  features  are  summa- 
rized below  and  pictured  on  the  WWW  (at 
http://rrdjazz/bt8.html). 

Features: 

• Large  take-off  angle  range  (15°  < 29m  ^ 120°) 

• Large  specimen  size  range  (0  to  50  kg) 

• x,y,z  translation  (15  cm  x 15  cm  X 20  cm) 

• Remote  control  monochromator  exchange 

• Variable  beam  apertures  (position  and  size) 

• Pre-monochromator  beam  limitation 

• PG  filter  toggle 

• “Quick  shutter”  (beam  photography) 

• Position  sensitive  detector 

A number  of  the  items  listed  above  are 


Figure  1.  Determination  of  the  residual  stresses  in 
a shce  of  rail  by  means  of  the  new,  state-of-the-art 
residual  stress  diffractometer  at  BT-8  of  the  NIST 
Research  Reactor. 

unique  to  DARTS  and  have  proved  to  be  enor- 
mously important  in  facilitating  sample  han- 
dhng,  in  maximizing  the  quality  of  data  (e.g. 
signal/noise),  and  increasing  “thru-put”  relative 
to  the  instrument  at  BT-6  previously  used  for 
these  measurements.  In  particular,  the  capabil- 
ity of  accommodating  large,  heavy  specimens  is 
facilitated  by  the  ability  to  withdraw  the  pre- 
and  post-sample  apertures  (shown  in  Fig.  1), 
rotate  and  translate  the  sample,  and  then  repo- 
sition the  apertures  all  under  computer  control, 
programmable  in  a command  file.  This  feature 
significantly  reduces  the  number  of  times  that 
a specimen  must  be  removed  from  the  sample 
table,  which  always  requires  a time-consuming 
re-alignment.  Also,  a number  of  safety  fea- 
tures, unique  to  DARTS,  have  been  incorpo- 
rated, including  carefully-integrated  shielding 
which  minimizes  neutron  background  even  up 
to  the  reactor  face. 

Comparison  of  measurements  at  DARTS  and 
the  BT-6  instrument  on  comparable  steel  sam- 
ples indicate  that  a “target”  Ad/d  sensitivity 
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(e.g.  5 X 10“^)  can  be  achieved  5 times  faster 
on  DARTS  than  on  the  old  instrument.  The 
planned  addition  of  focussing  monochromators 
should  increase  this  even  more. 

• Residual  Stress  Measurements 

Railroad  rails.  The  John  A.  Volpe  Center  of 
the  Federal  Railroad  Administration  (FRA)  has 
been  conducting  a long  term  research  project  on 
rail  integrity.  A damage  tolerance  basis  for  fre- 
quency of  in-service-inspection  of  railroad  rail 
was  developed  by  Orringer  [1] , and  the  FRA  Of- 
fice of  Safety  has  incorporated  elements  of  that 
work  in  a rule-making  now  in  progress.  The  re- 
search included  development  of  a fracture  me- 
chanics model  for  estimating  the  propagation 
lives  of  internal  transverse  fatigue  cracks  in  rail 
heads,  commonly  referred  to  by  industry  track 
engineers  as  detail  fracture  (DF)  [2]. 

A sensitivity  study  conducted  with  the  DF 
model  brought  to  hght  the  fact  that  the  ax- 
ial residual  stress  in  the  rail  head  is  one  of  the 
strongest  influences  on  DF  slow  crack  growth  life 
[3].  Parallel  studies  led  to  the  development  of  a 
theoretical  method  for  estimating  rail  residual 
stresses,  based  on  a hypothesis  that  there  ex- 
ists a shakedown  stress  state  independent  of  the 
axial  coordinate  [4],  and  also  led  to  an  inves- 
tigation of  numerous  methods  for  experimental 
determination  of  rail  residual  stress. 

From  the  experimental  investigations  there 
has  now  emerged  an  approach  believed  to  pos- 
sess a combination  of  accuracy  and  economy 
suitable  for  a standard  technique.  This  ap>- 
proach,  known  as  the  Transverse/ Oblique  Slice 
Thermal  Moire  method  (TOSTM)  [5],  involves 
both  measurement  and  data  reduction  proce- 
dures. The  measurement  procedure  consists 
of  removal  of  transverse  and  oblique  shces  ap- 
proximately 10  mm  thick  from  the  rail  sample, 
face  grinding  and  plating  with  a heat  resistant 
cladding,  photo-etching  of  a cross  grating  on  the 
clad  surface,  stress  relief  at  482°C,  and  determi- 
nation of  the  associated  in-plane  displacements 
by  means  of  grating  interferometry  (“Moire”). 
The  data  reduction  procedure  involves  the  ap- 
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Figure  2.  Residual  stress  measurement  mesh.  The 
measurement  points  are  at  the  intersection  points  of 
the  mesh.  The  points  are  5 mm  apart  in  both  the  x 
and  y directions.  The  depth  location  of  the  points 
is  3.175  mm  (1/8")  below  the  surface.  The  relative 
location  of  the  mesh  is  determined  by  so  called  en- 
tering curves  on  the  outer  circumference  of  the  part. 
The  size  of  the  probe  volume  is  approximately  2x2 
X 2 mm^  (somewhat  bigger  due  to  some  divergence 
of  the  primary  and  diffracted  beams).  The  x and  y 
dimensions  are  given  in  inches,  commensurate  with 
DOT  documents  (25.4  mm  = 1"). 

plication  of  solid  mechanics  principles  to  recon- 
struct, from  the  transverse  and  oblique  slice 
in-plane  measurements,  the  axial  component  of 
residual  stress  which  was  completely  lost  from 
the  transverse  slice  when  it  was  removed  from 
the  rail  sample,  as  well  as  Poisson  effect  losses 
from  in-plane  components. 

To  date  it  has  not  been  possible  to  obtain 
comparative  results  with  two  or  more  of  the  in- 
dependent measurement  methods  on  the  same 
rail  sample.  Difficult  logistics  ended  a previ- 
ous attempt  at  the  Institute  Laue  Langevin  [6] 
to  compare  some  of  the  destructive  techniques 
with  neutron  diffraction  results.  Despite  the  fact 
that  the  TOSTM  method  has  since  emerged  as 
the  best  destructive  approach,  it  is  still  impor- 
tant to  establish  a base  of  comparison  between 
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the  results  obtained  by  this  method  and  results 
obtained  by  an  in  situ  measurement  technique 
such  as  residual  stress  measurements  by  means 
of  neutron  beam  diffraction. 

DARTS  has  been  used  to  complete  the  first 
phase  of  the  needed  measurements  under  Agree- 
ment Number  DTRS-57-95-X-00075  76-0813. 
The  specimen  was  a 6.35  mm  transverse  slice 
of  railroad  track  shown  on  DARTS  in  Fig.  1. 
This  slice  is  taken  from  a track  section  that  has 
been  subjected  to  a specified  load  in  the  Volpe 
Test  Center’s  High  Tonnage  Loop.  It  is  obvi- 
ous that  the  residual  stress  field  in  such  a thin 
slice  is  not  the  same  as  in  the  completely  intact 
railroad  section.  In  particular,  the  stress  in  the 
longitudinal  direction  of  the  rail  (perpendicular 
to  the  section  lines)  will  be  almost  completely 
relieved.  A nominal  sampling  volume  of  2 mm 
X 2 mm  X 2 mm  was  used.  However,  horizontal 
and  vertical  divergence  of  the  beam  make  the 
true  sampling  volume  ^ 2.4  mm  x 2.4  mm  x 
2.4  mm.  In  Fig.  2 a tracing  of  the  6.35  mm 
thick  rail  slice  is  depicted.  Superimposed  on  the 
picture  is  the  mesh  of  positions  at  which  stress 
measurements  have  been  performed.  The  mesh 
is  built  of  points  that  are  separated  5 mm  in 
both  the  X and  y directions. 

The  relationship  between  the  rail  outline  and 
the  measurement  mesh  is  established  through 
so  called  “entering  curves”.  The  entering  curve 
technique  [7]  has  proved  very  useful  for  position- 
ing this  class  of  specimens.  It  is  based  on  the 
detection  of  (diflhacted)  neutron  intensity  as  a 
function  of  specimen  position,  which  in  turn  is 
determined  by  the  amount  of  sample  from  which 
the  scattered  neutrons  can  reach  the  detector. 
For  a given  type  of  geometry  (reflection,  trans- 
mission, etc.)  the  intensity  as  a function  of  the 
relative  specimen  position  can  be  easily  modeled 
based  on  straightforward  geometry.  Every  time 
the  specimen  is  remounted  to  achieve  a differ- 
ent orientation  of  Q (the  momentum  transfer 
or  probe  direction)  this  positioning  of  the  speci- 
men has  been  repeated  to  ensure  that  the  subse- 
quent strain  measurements  are  done  on  the  same 
mesh.  Strain  measurements  in  the  rail  shce  are 
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Figure  3.  Contour  map  of  the  residual  stresses  (7xx 
in  the  rail  head.  The  origin  position  (x,  y)  = (0, 0) 
corresponds  to  datum  “B”  in  Fig.  2.  The  x and  y 
dimensions  are  given  in  inches,  commensurate  with 
the  DOT  agreement  (1"  = 25.4  mm). 

performed  at  5 different  orientations  of  Q.  This 
particular  set  of  orientations  allows  us  to  extract 
a XXI  <^yy,  (^zz  and  axy  from  the  data  without  as- 
sumptions. No  information  about  axz  and  ayz 
can  be  obtained  using  the  chosen  set  of  orienta- 
tions. 

The  stress  free  lattice  parameter  do  was  ob- 
tained from  the  extremities  of  the  base  region  of 
the  rail  slice.  It  was  confirmed  independently  by 
changing  the  orientation  of  the  sample  and  mea- 
suring d again  that  this  region  was  very  close  to 
stress  free  so  that  we  could  forego  the  process  of 
cutting  little  coupons  out  of  the  rail  slice.  The 
value  for  the  stress  free  lattice  parameter  that 
was  found  this  way  was  d = 2.03218  ± 0.00010  A 
(standard  imcertainty) . The  diffraction  elastic 
constants  that  were  used  in  this  evaluation  were: 
Si(llO)  = - 1.3  X 10"®  MPa-i  and  S2(110)/2  = 
5.87  X 10“®  MPa~^.  These  values  have  been  ob- 
tained from  a previous  calibration  on  a different 
steel  sample.  They  are  appropriate  for  this  steel 
as  weU. 

The  five  different  d-spacings  obtained  at  five 
different  orientations  at  every  point  of  the  mesh 
yield,  via  least  squares  fits  dxx^  CTyy,  azz,  and 
<7a,y.  The  particular  choice  of  mesh  points  lends 
itself  very  well  to  the  presentation  of  the  data  in 
the  form  of  contour  plots,  an  example  of  which 
is  shown  in  Fig.  3.  Overall,  the  present  results 
show  that  with  DARTS  very  precise  measure- 
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ments  of  the  residual  stress  state  in  the  rail  head 
can  be  made.  The  comparison  with  modeling  ef- 
forts and  the  TOSTM  method  will  be  done  at 
a later  date  when  phase  2 results  are  obtained. 
From  the  present  data  we  can  say  the  following 
[8]: 

1.  The  Gzz  data  are  consistent  with  the  ex- 
pectation that  the  stresses  perpendicular  to  the 
thin  slice  would  be  relieved  (i.e.  would  have  be- 
come equal  to  zero).  Finding  Gzz  to  be  this  close 
to  zero  throughout  the  rail  head  supports  the 
assumption  that  the  stress  free  lattice  parame- 
ter do  obtained  from  the  base  part  of  the  slice 
is  the  correct  one.  This  opens  the  possibility 
to  do  measurements  on  similar  rail  slices  made 
of  this  material  without  the  need  for  extracting 
coupons  out  of  the  material  for  do  determina- 
tion. 

2.  Gxx  and  (7yy  both  show  compressive 
stresses  at  the  top  surface  of  the  rail  head.  These 
are  balanced  by  tensile  stresses  in  the  bulk.  This 
is  in  agreement  with  the  notion  that  the  top 
surface  has  been  plastically  deformed  under  the 
pressure  load  of  the  train  wheel,  not  unlike  what 
happens  in  a process  like  shot  peening.  In  the 
beginning  of  the  rail  life  this  is  a process  that 
will  protect  the  top  surface  of  the  rail  against 
crack  initiation.  This  “rotection”  is  at  the  ex- 
pense of  the  high  tensile  stresses  in  the  interior. 
There  is  reason  to  believe  that  in  the  intact  rail 
(i.e.  a non  sectioned  one)  the  stresses  in  the  lon- 
gitudinal direction  (here  cr^^)  will  also  be  tensile. 
If  this  is  the  case  a hydrostatic  tension  situation 
might  develop  in  the  interior  of  the  rail  head. 
This  would  eventually  lead  to  cracking  of  the 
rail  head  from  the  rail  interior  on  outward. 

Bent  Pipes.  Two  mild  steel  tubes,  of  out- 
side diameter  168  mm,  wall  thickness  7 mm  and 
length  1000  mm,  were  subjected  to  four-point 
bends.  Tube  I is  seamless,  tube  II  has  a weld 
parallel  to  the  cylindrical  axis.  After  bending, 
the  central  260  mm,  together  with  end  pieces, 
were  cut  out  of  the  tubes  for  neutron  diffrac- 
tion measurements  (Fig.  4 ).  Using  a nominal 
2x2x2  mm^  gauge  volume,  strain  components 
were  measured  as  a function  of  depth  beneath 
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Figure  4.  Schematic  of  the  bent  tube  before  bending 
and  cutting.  The  weld  parallels  the  cylinder  axis. 
The  central  260  mm  and  the  outer  100  mm  portions 
are  cut  out  and  used  for  the  neutron  measurements. 

the  surface  at  22.5°  intervals  around  the  circum- 
ference of  the  unwelded  tube  at  the  mid-plane, 
and  with  higher  density  around  the  weld  on  the 
bent  tube. 

At  each  measurement  point,  five  Q- 
directions  were  examined  in  the  i~0  plane,  and 
one  along  the  axial  direction.  The  value  of  do 
was  obtained  from  the  average  of  several  posi- 
tion and  orientation  measurements  on  the  tube 
end  pieces.  Diffraction  elastic  constants  for  the 
[110]  reflection  in  steel  were  obtained-as  for  the 
rail  head-from  earlier  measurements.  In  the  up- 
per part  of  Fig.  5 results  are  shown  for  the  axial 
residual  stresses  for  the  region  between  2 and  5 
mm  of  the  7 mm  thick  wall  . The  lower  part 
of  the  figure  shows  the  measured  axial  residual 
stresses  measured  along  a line  3.9  mm  in  from 
the  inner  surface  (i.e.  corresponding  to  the  hori- 
zontal line  in  the  contour  plot).  Each  plot  covers 
the  full  360°  aroimd  the  tube. 

It  should  be  noted  that  the  four  point  bend- 
ing fixture  was  positioned  along  0 and  180°  on 
the  tube  and  that  the  measured  stresses  are  es- 
sentially mirror  symmetric  about  the  plane  pass- 
ing through  these  positions.  It  is  also  of  interest 
that  at  ~ 90°  away  from  the  bend  points  a sharp 
compressive  to  tensile  transition  occurs  in  the 
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Figure  5.  The  measured  axial  residual  stress  dis- 
tribution for  the  bent,  unwelded  tube.  The  contour 
plot  shows  the  region  from  ~2  mm  to  ~5  mm  of  the 
7 mm  thick  wall.  The  lower  plot  shows  the  measured 
axial  residual  stress  distribution  at  3.9  mm  from  the 
inner  surface  corresponding  to  the  horizontal  Hne  in 
the  contour  plot. 

stress  profile.  We  expect  to  compare  this  with 
an  FE  calculation  and  with  results  obtained  with 
magnetic  probes. 

Other  Studies 

1)  As  reported  previously,  the  confirmation 
that  do  can  be  correlated  with  the  FWHM  is  key 
to  the  trully  non-destructive  determination  of 
residual  stresses  around  weldments  by  neutron 
diffraction.  If  not  correlatable,  coupons  for  do 
determinations  will  have  to  be  extracted  from 
specimens  at  the  gauge-volume  positions.  This 
project  has  been  resumed,  but  larger  EDMed 
coupons  (>2x2x2  mm^)  in  which  the  whole 
gauge  volume  would  be  contained  appear  to  be 
needed. 

2)  The  determination  of  residual  stresses  in 
structural  members  of  bridges  (DOT  sponsored) 
has  been  undertaken.  This  work  is  being  per- 
formed in  collaboration  with  Materials  Reliabil- 
ity Division  (NIST/Boulder)  and  seeks  to  pro- 
vide reference  results  which  can  be  used  to  test 
and/or  calibrate  field-portable  techniques.  Ini- 
tial efforts-now  completed-have  focussed  on  de- 
termination of  residual  stresses  in  pieces  cut 
from  large  eyebars  taken  from  bridge  structures. 


3)  Two  projects  are  underway  in  the  area  of 
the  determination  of  residual  stresses  in  surface 
coatings.  One  is  partially  supported  by  ATP 
funding  and  is  collaborative  with  Prof.  H.  Her- 
man and  a Ph.D  student  of  SUNY/Stony  Brook; 
the  second  involves  specimens  which  have  been 
prepared  and  FE  modeled  at  the  Idaho  National 
Engineering  Laboratory.  In  both  projects  the 
interest  is  in  ceramic  coatings  such  as  alumina 
attached  to  metal  substrates  such  as  aluminum 
via  graded  interfaces.  DARTS  measurements  on 
an  aluminum/alumina  sample  from  INEL  have 
been  completed;  the  analysis  of  the  data  was  in 
progress  at  the  end  of  FY96. 

4)  Two  projects  on  determining  the  resid- 
ual stress  distribution  in  aluminum- alloy  bars 
were  completed.  The  first,  with  scientists  at  Al- 
coa, was  not  successful  because  of  the  very  large 
grain  size  of  the  experimental  alloy  used.  Some 
progress  was  made  in  developing  methodology  to 
determine  stresses  in  such  a specimen,  and  will 
be  continued  in  the  future.  The  second  project, 
with  scientists  at  Boeing/Wichita,  was  success- 
ful because  of  the  fine  grain  of  the  7050-T7451 
plate  examined.  The  neutron  results  are  being 
compared  at  Boeing  with  results  of  FE  calcula- 
tions. 
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Neutron  Diffraction  Measurement  of 
Texture 

DARTS  has  been  utilized  for  texture  (or 
similar)  determinations  in  several  projects. 
The  characterization  of  structural  members  of 
bridges  (DOT  sponsored)  includes  texture  stud- 
ies in  parallel  with  the  residual  strain  mea- 
surements. This  work  is  being  performed  in 
collaboration  with  Materials  Reliability  Divi- 
sion (NIST /Boulder)  who  are  characterizing  the 
same  specimens  by  magnetic  and  iiltrasonic 
measurements.  Neutron  texture  measurements 
have  been  completed  on  three  pieces  cut  from 
large  eyebars  taken  from  bridge  structmes. 

Neutron  diffraction  has  been  investigated  as 
a possible  technique  for  assessing  the  quality  of 
sapphire  single  crystals  used  as  windows  in  an 
Air  Force  missile  system. 

Neutron  Autoradiography  Program 

• Autoradiography  Study  of  Rem- 
brandt’s An  Old  Man  in  Military  Costume 
The  J.  Paul  Getty  Museum  in  Los  Angeles 
has  in  its  collection  a striking  portrait  by  Rem- 
brandt known  as  An  Old  Man  in  Military  Cos- 
tume (Fig.  6)  which,  in  the  past,  has  been  the 
subject  of  considerable  debate  concerning  both 
its  attribution  and  dating.  The  picture  had  been 
traditionally  dated  to  aroimd  1629,  and  was  gen- 
erally accepted  as  being  by  Rembrandt  himself. 
However,  when  the  Rembrandt  Research  Project 
published  the  picture  in  its  Corpus  of  Rembrandt 
Paintings  the  attribution  was  questioned  due  to 
some  apparent  dissimilarities  in  the  handling  of 


Figure  6.  An  Old  Man  in  a Military  Costume.  The 
actual  size  is  approximatelly  66  cm  high  by  51  cm 
wide. 

the  portrait  with  other  autograph  pictures  from 
the  late  1620’s.  Most  recently,  Walter  Liedtke  of 
the  Metropolitan  Musernn  of  Art  published  an 
article  re-affirming  Rembrandt’s  authorship  of 
the  picture,  but  suggested  a later  date,  to  1631 
or  1632.  This  change  in  dating  answered  some 
of  the  stylistic  anomalies  which  had  been  noted 
by  earlier  attempts  to  date  the  picture  to  the 
late  1620’s. 

When  the  painting  was  first  acquired  by  the 
Musernn  (in  1978)  an  x-ray  was  taken  which  re- 
vealed the  presence  of  another  portrait  under- 
neath the  visible  surface.  The  underlying  por- 
trait was  visible  as  a ghostly,  upside-down  image 
in  the  radiograph;  the  image  was  very  difficult 
to  read,  however,  because  of  interference  from 
the  additional  layers  of  paint  (most  of  which 
contained  some  degree  of  lead  white)  which  had 
been  used  in  the  portrait  of  An  Old  Man  in  Mil- 
itary Costume.  It  was  always  hoped  that  au- 
toradiography might  provide  some  more  legible 
images  of  the  underlying  portrait,  and  that  this 
might  help  resolve  some  of  the  questions  con- 
cerning attribution  and  dating. 
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In  the  Spring  of  1996,  the  painting  was 
brought  to  the  Reactor  Radiation  Division  at 
NIST  for  autoradiographic  study.  As  hoped,  a 
series  of  images  were  produced  which  provided 
a legible  impression  of  the  rmderlying  portrait. 
The  most  useful  images  in  this  autoradiographic 
series  were  produced  on  imaging  plates.  The 
digital  image  produced  by  these  re-usable  plates 
could  be  enhanced  and  manipulated  in  such  a 
way  that  the  underlying  portrait  became  even 
more  legible  than  it  was  on  the  traditional  au- 
toradiographic films.  Not  only  were  the  features 
of  the  face,  ear  and  hair  clearly  visible,  but  the 
simple  costume  of  the  imderlying  figure  was  leg- 
ible as  well  (Fig.  7).  Details  of  the  brushwork 
in  the  underlying  portrait  were  formd  to  be  very 
close  in  form  and  feeling  to  Rembrandt’s  paint- 
ings of  the  early  1630’s.  The  imderlying  portrait 
also  appeared  to  have  many  styhstic  similarities 
to  several  other  Rembrandt  portraits,  some  of 
which  are  signed  and  dated  1631  or  1632.  This 
new  information  will  be  of  considerable  impor- 
tance to  art  historians  in  their  future  studies  of 
the  painting. 

Several  of  the  technical  details  relating  to 
the  methodology  are  worth  noting.  For  exam- 
ple, this  painting  contains  unusually  low  quan- 
tity of  elements  such  as  iron,  cobalt,  or  anti- 
mony in  its  pigments  that  would  have  produced 
relatively  long  lived  radioactive  isotopes  in  neu- 
tron activation.  The  radioactivity  generated  in 
the  painting  was  decayed  to  practically  back- 
groimd  level  in  just  one  day.  The  traditional 
film  method  only  registered  the  initial  radioac- 
tivity distribution  in  the  painting  and  was  not 
sensitive  enough  to  produce  any  subsequent  au- 
toradiographs firom  longer  lived  isotopes.  The 
digital  storage  photostimulable  phosphor  (SPP) 
imaging  plates  which  are  100  times  more  sensi- 
tive than  x-ray  films,  on  the  other  hand,  pro- 
duced useful  autoradiographs. 

The  digital  autoradiographic  images  of  the 
painting  generated  by  the  SPP  imaging  plates 
are  compiled  in  CD-ROM  form  and  can  be  read- 
ily accessed  and  analyzed  on  a PC.  The  advan- 
tages of  increased  sensitivity,  which  can  be  used 


Figure  7.  An  SPP  image  plate  autoradiograph  of 
the  central  portion  of  the  painting  of  Fig.  6.  This 
image  corresponds  to  the  central  « 20  cm  x 20  cm  of 
the  painting  and  is  rotated  180°  with  respect  to  the 
p)ainting.  The  vertical  line  is  the  boundary  between 
two  plates. 

to  reduce  reactor  activation  time  or  to  generate 
more  autoradiographs  for  detailed  study,  read- 
ily accessible  computer  processing  of  a digitized 
image  and  the  elimination  of  the  need  for  labor 
intensive  film  development  can  greatly  enhance 
the  utility  of  the  autoradiography  technique. 

• Detector  Development 

The  SPP  technology  is  being  applied  in  the 
design  of  a sensitive,  high  resolution  neutron 
area  detector  which  is  free  of  gamma  and  x-ray 
interference  and  is  not  coimt  rate  limited.  A 
two-step  process  is  utihzed  in  which  a large-area 
metal  converter  foil  is  first  activated  in  a neutron 
field  followed  by  an  autoradiography  procedure 
to  transfer  the  neutron  field  information  from 
the  foil  to  an  imaging  sensor.  The  autoradiog- 
raphy is  done  outside  of  the  neutron  field  with 
either  of  the  two  new  charged-particle  imaging 
technolo^es,  the  SPP  imaging  plates  and  the 
micro-channel  array  detector.  Both  imaging  sen- 
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sors  exhibit  linear  response  over  a wide  dynamic 
range  (>  10^).  Compared  to  conventional  neu- 
tron detectors  the  inherent  high  resolution  of  the 
new  imaging  sensors  (>  25  /zm  for  SPP  imaging 
plates)  will  allow  the  converter  foil  to  be  placed 
much  closer  to  the  neutron  scattering  sample 
without  compromising  measurement  precision. 
This-coupled  with  the  fact  that  no  shielding  is 
required  for  the  foil-results  in  a compact,  low- 
cost  detector  for  scattering  or  diffraction  mea- 
surements. This  allows  multiple  experiments  to 
share  the  same  beam  line,  increasing  the  uti- 
lization of  neutrons.  The  foil  can  be  of  any 
size  and  can  be  formed  into  different  shapes  to 
cover  all  solid  angles  of  interest  without  detector 
movement.  This  two-step  approach  eliminates 
any  non-neutron  radiation  interference  and  of- 
fers the  flexibility  to  tailor  the  type,  shape  and 
size  of  converter,  and  the  activation  and  imag- 
ing procedures  to  specific  experimented  condi- 
tions. It  can  significantly  reduce  the  size,  cost, 
and  complexity  of  neutron  detectors,  while  im- 
proving precision  and  throughput.  A sensitivity 
of  1 n/cm^/s  is  anticipated  with  this  new  ap- 
proach. The  measurement  time  for  mapping  a 
complete  scattering  or  diffraction  profile  may  be 
in  terms  of  minutes,  thus  offering  the  potential 
for  measurements  imder  dynamic  conditions. 
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Nuclear  Methods  Group 

The  development  and  application  of  nu- 
clear analytical  techniques  for  elemental  compo- 
sitional analysis  with  greater  accuracy,  higher 
sensitivity  and  better  selectivity  are  the  goals 
of  the  Nuclear  Methods  Group  (NMG).  A high 
level  of  competence  has  been  developed  in  both 
instrumental  and  radiochemical  neutron  acti- 
vation analysis  (INAA  and  RNAA).  In  addi- 
tion, the  group  has  pioneered  the  use  of  neutron 
beams  as  analytical  probes  with  both  prompt 
gamma  activation  analysis  (PGA A)  and  neutron 
depth  proj&ling  (NDP).  PGAA  measures  the  to- 
tal amount  of  an  analyte  present  throughout  a 
sample  by  the  analysis  of  the  prompt  gamma- 
rays  emitted  during  neutron  capture.  NDP,  on 
the  other  hand,  determines  concentrations  of 
several  important  elements  (isotopes)  as  a func- 
tion of  depth  within  the  first  few  micrometers 
of  a surface  by  energy  analysis  of  the  prompt 
charged-particles  emitted  during  neutron  bom- 
bardment. These  techniques  (INAA,  RNAA, 
PGAA,  and  NDP)  provide  a powerful  combina- 
tion of  complementary  tools  to  address  a wide 
variety  of  analytical  problems  of  great  impor- 
tance in  science  and  technology.  During  the 
past  several  years,  a large  part  of  the  Group’s 
efforts  has  been  directed  at  the  exploitation  of 
the  analytical  applications  of  the  guided  cold- 
neutron  beams  available  at  the  new  Cold  Neu- 
tron Research  Facility  (CNRF)  at  the  NIST  re- 
actor. The  Group’s  involvement  has  been  to  de- 
sign and  construct  state-of-the-art  instruments 
for  both  PGAA  and  NDP  using  cold  neutrons, 
while  retaining  and  utilizing  our  existing  exper- 
tise in  INAA  and  RNAA.  During  the  previous 
year  the  NIST  reactor  had  been  shut  down  for 
major  improvements.  These  included  the  instal- 
lation of  new  heat  exchangers,  a new  (liquid  hy- 
drogen) cold  source  and  refrigerator,  and  com- 
pletion of  the  installation  of  the  neutron  guides 
into  the  guide  hall.  The  reactor  resumed  full  20 
MW  power  in  September  1995.  The  major  im- 


provement for  our  beam  operations  has  been  the 
increase  in  the  cold-neutron  current  density  of  a 
factor  of  four  or  more  delivered  to  the  analytical 
instruments. 

• SRM  Analysis  and  Certification 

The  nuclear  analytical  methods  have  con- 
tinued to  contribute  to  the  Standard  Reference 
Material  (SRM)  certification  effort;  this  year’s 
efforts  include  measurements  performed  on  a 
number  of  SRMs  including:  Highly  Contami- 
nated Sediment,  two  soils,  two  Petroleum  Cokes, 
three  Zeolites,  an  Arsenic  Implant  in  Sihcon,  and 
two  Mussel  Tissues.  Group  members  are  serving 
as  Technical  Champions  for  several  of  these  new 
SRMs,  and  as  such  are  responsible  for  scientific 
decisions  made  throughout  the  production  and 
certification  processes  of  these  materials. 

• Neutron  Activation  Analysis  Method 

Development 

Although  NAA  has  been  in  use  for  many 
years,  new  developments  continue  to  provide  im- 
provements in  detection  sensitivities,  elemental 
specificity,  precision,  and  overall  accuracy.  Par- 
ticularly in  the  last  few  years,  the  NAA  tech- 
nique has  become  one  of  the  primary  analyt- 
ical techniques  for  the  certification  of  elemen- 
tal concentrations  in  biological  SRMs.  One  im- 
portant reason  is  that  NAA  has  unique  quality 
assurance  characteristics  that  provide  accurate 
analyses  and  often  allow  the  analytical  values 
obtained  to  be  internally  evaluated  and  cross 
checked.  In  addition,  the  capability  of  INAA  for 
nondestructive  analyses  (eliminating  dissolution 
errors)  and  for  homogeneity  determinations  at 
the  /.ig/kg  level  for  sample  sizes  as  low  as  100 
mg  has  made  this  technique  an  integral  compo- 
nent of  trace  element  analyses  at  NIST.  Further- 
more, the  relative  matrix  independence  of  NAA 
has  resulted  in  apphcations  to  a wide  variety  of 
materials  including  high  temperature  supercon- 
ductors, soils,  fiy  ash,  rocks  and  ores,  foods,  and 
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a many  t5qDes  of  biological  materials. 

Optimizing  the  gamma-ray  counting  condi- 
tions for  the  various  forms  of  NAA  can  gener- 
ally improve  precision,  increase  sample  through- 
put, or  both.  This  is  especially  important  when 
counting  the  very  small  amount  of  radioactivity 
produced  by  ultratrace  quantities  of  impurities, 
for  example,  in  semiconductor  silicon  or  (after 
radiochemical  separations)  noble  metals  in  hu- 
man tissue.  Sensitivity  can  be  gained  by  using 
high-efficiency,  low-background  detectors;  a sub- 
sidiary benefit  is  that  less  radioactive  material 
needs  to  be  generated,  handled,  and  discarded. 
The  sources  of  background  in  gamma-ray  detec- 
tors have  been  reexamined  at  NIST  and  else- 
where in  recent  years,  resulting  in  improved  im- 
derstanding.  It  is  now  clear  that  with  care  in  the 
selection  of  the  materials  from  which  the  detec- 
tor and  the  shielding  are  constructed,  the  only 
important  source  of  gamma-ray  background  is 
the  interaction  of  cosmic  ray  particles  with  the 
shield  and  the  detector  itself.  Experiments  are 
underway  to  reduce  this  component  by  active, 
anti-cosmic  ray  shielding. 

A new  rapid  pneumatic  tube  system  was  re- 
cently designed,  constructed,  and  inserted  into 
the  NIST  nuclear  reactor  this  year.  This  new 
computer  controlled  facility  uses  CO2  at  35  lbs. 
pressure  to  propel  the  irradiated  sample  out  of 
the  irradiation  terminal  and  into  the  coimting 
station  approximately  10  feet  away  in  475  ± 10 
milliseconds  (precision),  with  an  estimated  ac- 
curacy of  ± 3 ms.  Infrared  sensors  are  used  to 
measure  the  location  and  travel  speed  of  the  ir- 
radiated capsule,  thus  providing  the  required  ex- 
act irradiation  and  decay  times  needed  for  the 
calculation  of  chemical  concentrations  in  the  ir- 
radiated samples.  This  new  pneumatic  tube, 
designated  RT-2,  has  a highly  thermalized  neu- 
tron spectrum  hke  our  other,  slower  pneumatic 
tube  systems,  and  a neutron  fiuence  rate  of  5.0 
X 10^3  n-cm  ^s  somewhat  higher  than  the 
RT-4  pneumatic  tube  facility  but  less  that  RT- 
1.  Characterization  measurements  are  currently 
being  carried  out  on  this  facility,  which  when 
completed  will  allow  for  its  routine  use.  The 


application  of  short  half-life  activation  products 
in  this  facility  will  allow  the  determination  of 
nuclides  with  half  hves  as  low  as  one  second. 
This  will  provide  NIST  with  the  capability  for 
accurately  determining,  for  example,  fluorine 
through  (ti/2=11.00  s)  at  low  levels.  An- 
other new  capability  will  be  the  improved  de- 
termination of  selenium  through  use  of  ^^”^Se 
(t  1/2 =17.4  s).  A new  possibility  is  the  determi- 
nation of  lead  (at  elevated  levels)  using  207mp^ 
(ti/2=0.8  s).  A future  modification  is  planned 
to  provide  a second  position  located  in  an  area 
with  a highly  epithermal  component  to  the  neu- 
tron spectrum.  This  second  location  will  offer 
the  possibility  of  substantially  improving  sensi- 
tivity for  the  determination  of  iodine  and  other 
elements  with  high  resonance  integrals.  Final 
approval  for  routine  use  of  this  facility  in  its  cur- 
rent configuration  is  expected  in  FY97. 

A new  radiochemical  separations  project  has 
been  initiated  to  develop  methods  to  measure 
additional  elements,  such  as  phosphorus  and  sul- 
fur, which  do  not  decay  with  the  emission  of 
characteristic  gamma  rays.  Quantitation  is  ac- 
comphshed  by  beta  counting  the  isolated  activa- 
tion products  of  interest.  Efforts  are  currently 
underway  to  develop  a radiochemical  procedure 
for  the  measurement  of  P in  steels.  Preliminary 
analyses  of  P in  existing  Steel  SRM  are  in  agree- 
ment with  certified  values,  while  the  detection 
limit  for  the  method  is  < 10  ng/g. 

• Specimen  Bank  Research 

The  NMG  continues  to  support  the  National 
Biomonitoring  Specimen  Bank  (NBSB)  research 
programs  through  analyses  of  selected  banked 
materials  and  by  providing  quality  assurance 
(QA)  for  the  laboratories  of  other  agencies  that 
analyze  banked  materials.  These  programs  have 
included  the  EPA  Human  Liver  Project  (HLP), 
the  NOAA  National  Status  and  Trends  (NS&T) 
program,  the  NCI  Micronutrient  Program,  the 
lAEA/NIST/FDA/USDA  Total  Diet  Study,  the 
the  two  NOAA  marine  mammal  tisue  banks  are 
under  the  Marine  Mammal  Health  and  Strand- 
ing Response  Program.  In  addition,  the  NIST 
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participation  in  intercalibration  exercises  with 
the  project  laboratories  and  the  development  of 
QA  materials  for  various  marine  analyses  have 
helped  to  enhance  the  quality  of  the  analytical 
results  used  in  the  assessment  of  the  environ- 
mental health  of  the  nation. 

• Superconductivity  Research 

The  Group  has  undertaken  an  active  role  in 
the  NIST  program  on  high-temperature  super- 
conductivity research.  In  cooperation  with  ma- 
terials scientists  at  NIST  and  elsewhere,  we  are 
measuring  impurities  in  superconductor  starting 
materials  and  final  products,  as  weU  as  deter- 
mining the  stoichiometry  of  major  constituents. 
The  needs  of  the  superconductivity  program 
have  stimulated  the  development  of  methods  for 
accurate,  rapid  analysis  of  these  materials  by 
both  NAA  and  PGAA.  In  particular,  an  effort  is 
underway  to  establish  monitor-activation  analy- 
sis techniques  at  NIST.  Conventional  NAA  re- 
quires the  irradiation  and  counting  of  a stan- 
dard for  each  element  to  be  determined  in  a 
given  sample.  Preparing  numerous  standards 
requires  much  labor,  and  the  accurate  quanti- 
tation of  unanticipated  activities  in  the  gamma 
spectrum  is  not  possible.  An  elegant  solution 
has  been  pioneered  in  Europe,  which  uses  a di- 
mensionless compoimd  nuclear  constant  called 
ko,  which  can  be  measured  far  more  accurately 
than  the  cross  sections  and  other  constants  that 
comprise  it.  We  have  begun  to  apply  this  ap- 
proach to  cold-neutron  PGAA,  which  is  espe- 
cially subject  to  systematic  errors  from  neutron 
scattering  effects,  and  have  foimd  that  the  ko 
approach  for  determining  element  ratios  offers 
all  the  advantages  that  internal  standards  offer 
other  methods.  We  intend  to  apply  the  ko  for- 
malism to  traditional  NAA  as  well. 

• Neutron  Depth  Profiling 

NDP  is  a nondestructive  analytical  technique 
which  measures  the  concentrations,  and  deter- 
mines the  near  surface  distributions,  of  selected 
elements.  Increasingly,  manufacturers  of  semi- 
conductor components  are  finding  NDP  to  be 


an  important  tool  for  calibration,  quality  con- 
trol and  basic  research.  The  NDP  instrument  is 
located  at  the  end  of  the  new  NG-0  cold  neu- 
tron curved  guide  which  has  a coating  of  nickel- 
titanium  supermirror.  This  gives  an  increase  of 
about  a factor  of  3 in  neutron  current  density 
relative  to  a '^^Ni  guide.  The  two-meter  long 
curved  section  has  a radius  of  curvature  of  57 
m,  which  is  sufficient  to  remove  hne-of-sight  fast 
neutrons  and  gamma  rays  from  the  cold  neu- 
tron beam.  The  beam  area  at  the  guide  exit 
is  3 cm  X 5 cm  and  the  neutron  fluence  rate  is 
2.45  ± 0.05  X 10®n-cm~^  s 

Current  experiments  of  interest  at  the  NDP 
instrument  include  the  measurement  of  nitrogen 
profiles  in  thin  TiN  films  in  conjunction  with  In- 
tel Corp.,  and  the  measurement  of  lithium  mi- 
gration in  electrochromic  films  in  cooperation 
with  SAGE  Electrochromics.  Depth  profihng  of 
nitrogen  is  based  on  the  measurements  of  the 
proton  from  the  ^^N(n,p)^^C  reaction.  These 
nitrogen  measurements  are  the  first  quantita- 
tive evaluation  of  nitrogen  concentrations  since 
the  instrument  was  reconfigured  and  placed  on 
the  curved  neutron  guide.  The  advantages  of 
this  new  arrangement  are  apparent  in  the  higher 
signal  rate  and  the  lower  background  rate  com- 
pared with  nitrogen  measurements  made  at  the 
previous  instrument  location. 

The  lithium  profiles  are  based  on  the  mea- 
surement of  the  energy  of  alpha  particles  from 
the  ®Li(n,Q)^H  reaction.  The  energy  of  the  de- 
tected particle  provides  a direct  measurement 
of  the  depth  of  the  originating  lithium  nucleus. 
In  this  case,  in  situ  measurements  were  taken 
with  different  bias  voltages  on  the  film  layers. 
The  bias  causes  the  lithium  to  migrate  between 
different  layers  and  changes  the  optical  trans- 
parency of  the  film. 

• Prompt-Gamma  Activation  Analysis 

PGAA  allows  accurate,  nondestructive  mea- 
surements of  a number  of  elements,  includ- 
ing H,  B,  C,  N,  S and  Cd.  Recent  improve- 
ments to  the  cold  neutron  prompt  gamma  ac- 
tivation analysis  (CNPGAA)  instrument,  con- 


82 


Analytical  Chemistry 


structed  as  part  of  the  CNRF,  have  greatly  im- 
proved its  measurement  capabilities.  Further- 
more, both  the  CNPGAA  and  University  of 
Maryland-NIST  thermal-neutron  PGAA  instru- 
ments have  found  research  applications  in  many 
diverse  areas  within  chemistry,  physics,  and  ma- 
terials sciences. 

During  the  reactor  shutdown  considerable 
effort  was  directed  toward  the  upgrade  of  the 
CNPGAA  instrument  in  the  Cold  Neutron  Re- 
search Facility.  The  installation  of  the  new  liq- 
uid hydrogen  cold  source  and  the  increase  in  re- 
actor power  from  15  to  20  MW  have  resulted  in  a 
factor  of  6 improvement  in  neutron  capture  rate 
at  the  PGAA  station,  while  PGAA  sensitivities 
(countS'mg“^s~^)  for  most  elements  are  a fac- 
tor of  3-4  better  than  measured  before  the  shut- 
down. The  addition  of  shielding  boxes  filled  with 
poured  lead  and  steel  shot  results  not  only  in  a 
lower  gamma-ray  background  for  measurements 
but  in  decreased  radiation  exposure  for  users 
of  the  instrument.  The  shielding  walls  serve 
to  reduce  gamma-ray  background  from  capture 
of  Si  and  H in  a one  meter  section  of  neutron 
guide  previously  visible  to  the  PGAA  detector. 
As  a result  of  the  improvement  in  sensitivities 
and  lower  background,  elemental  detection  lim- 
its have  improved  by  up  to  a factor  of  2. 

Additional  modifications  to  the  instrument 
have  improved  measurement  accuracy  and  have 
yielded  a more  user-friendly  instrument.  The 
addition  of  redesigned  gamma-ray  and  neutron 
collimators  with  different  sized  apertures  allows 
better  control  of  the  gamma-ray  signal  reaching 
the  detector.  Reproducible  counting  geometry  is 
achieved  by  mounting  sample  and  detector  to- 
gether on  a moving  plate,  with  the  sample  at 
a fixed  distance  from  the  detector.  The  mov- 
ing plate  rides  on  a pair  of  high  precision  rails 
to  ensure  accurate  positioning  of  the  sample  in 
the  neutron  beam.  A stepping  motor  drives  the 
plate  forward  (toward  the  neutron  guide)  to  po- 
sition the  sample  in  the  beam  and  back  again  for 
sample  mounting,  with  a reproducibility  better 
than  50  fim  on  all  these  axes. 

Recent  measurements  by  CNPGAA  involve 


both  continuing  and  new  applications.  The  de- 
termination of  hydrogen  in  titanium  alloys  con- 
tinues to  be  an  important  application  due  to  the 
ability  of  H to  embrittle  Ti  and  other  metals.  We 
have  recently  determined  H at  levels  below  100 
mg/kg  in  a new  set  of  Ti-alloy  jet-engine  turbine 
blades,  and  in  the  Ti  A1  V (alloy)  sheet  metal 
which  will  be  used  to  prepare  a series  of  proto- 
type standard  reference  materials.  Other  con- 
tinuing applications  of  PGAA  involve  the  mea- 
surement of  H in  a wide  variety  of  materials  in- 
cluding: nanocrystalline  metals;  hydrofiuorocar- 
bons;  solid  acid  catalysts  (along  with  other  ele- 
ments of  interest);  solid  proton  conductors,  and 
amorphous  carbons.  New  applications  include 
measurement  of  boron  in  samples  of  high-purity 
quartz  and  in  tree  rings  from  Brazil,  nitrogen  in 
reference  materials,  chlorine  in  highway  materi- 
als, and  trace  pollutants  in  marine  sediments. 

• Focused  Neutron  ResecU-ch 

A long-range  program  to  explore  and  develop 
the  analytical  applications  of  focused  beams  of 
cold  neutrons  continues  within  the  Group.  The 
goal  of  this  research  is  to  produce  beams  of 
neutrons  which  have  intensities  several  orders 
of  magnitude  greater  than  previously  available. 
The  new  hydrogen  cold  source  has  given  the  neu- 
tron beams  an  increase  of  up  to  six  times  in 
the  current  densities  dehvered  by  neutron  guides 
at  longer  wavelengths.  This  enables  neutron 
absorption  measurements  on  samples  with  fine 
(submillimeter)  spatial  resolution,  by  increasing 
the  current  densities  even  further  using  focus- 
ing techniques.  Such  beams  will  greatly  enhance 
the  capabilities  of  both  PGAA  and  NDP  and 
increase  their  elemental  sensitivities,  and  may 
ultimately  lead  to  a neutron  probe  for  micro- 
analysis. 

Grazing-angle  refiective  optics  involving  mul- 
tiple mirror  refiection  from  smooth  surfaces  of- 
fers the  best  method  of  transporting  and  focus- 
ing a white  beam  of  long  wavelength  neutrons. 
Neutrons  from  the  macroguide  enter  the  nar- 
row channels  of  polycapillary  glass  fibers  which 
act  as  miniature  versions  of  neutron  guides  com- 
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monly  used  at  research  reactors.  A typical  lens 
contains  over  a thousand  fibers  of  diameter  0.5 
mm,  each  with  over  a thousand  hollow  capillar- 
ies of  diameter  10  fim.  The  advantage  of  the  nar- 
row (?iil0  /im)  channels  is  that  the  neutron  beam 
can  be  bent  more  sharply  than  for  the  wide  (?5i50 
mm)  guides.  The  fibers  are  curved  such  that  the 
neutron  trajectories  are  directed  towards  a com- 
mon focus.  The  high  intensity  beam  is  placed 
on  a small  sample  area  for  improvement  of  both 
the  spatial  resolution  and  the  detection  limits  of 
individual  elements  of  neutron  absorption  mea- 
surements in  analytical  research. 

In  conjunction  with  X-Ray  Optical  Systems, 
Inc.  we  have  designed  a polycapillary  bender- 
focuser  lens  that  not  only  focuses  but  also  bends 
the  beam  downward  out  of  the  shadow  of  the 
incident  beam  in  order  to  improve  the  signal- 
to-noise  ratio.  The  glass  fibers  are  accurately 
guided  by  six  stainless  steel  meshes  in  frames 
that  hold  the  fibers  in  position.  The  fibers  point 
towards  the  common  focus  95  mm  away  from  the 
exit  and  a distance  42.5  mm  below  the  incident 
beam  centerline,  20  mm  below  the  bottom  edge 
of  the  beam.  There  is  also  ®Li  glass  shielding 
around  the  lens.  The  lens  itself  is  enclosed  for 
protection  with  silicon  windows.  The  lens  can 
be  moved  out  of  the  beam  by  computer  control 
when  not  needed. 

The  transmission  characteristics  of  this  lens 
have  been  analyzed  using  a video  radiation  de- 
tector at  the  focal  plane  to  measure  the  spatial 
intensity  distribution.  The  focused  beam  has  a 
FWHM  of  0.65  mm,  and  the  current  density  gain 
over  the  area  for  this  diameter  is  a factor  of  20. 
Further  measurements  have  been  performed  us- 
ing a dysprosium  foil  and  a photostimulable  lu- 
minescent imaging  plate.  This  imaging  system 
has  a wide  (10^)  linear  dynamic  range  and  can 
analyze  over  a much  greater  area.  The  results 
show  that  the  background  adjacent  to  the  focus 
is  reduced  by  a factor  of  16  relative  to  the  back- 
ground in  the  direct  beam.  Although  the  com- 
plex curvature  of  the  fibers  have  allowed  only 
a gain  of  about  20,  the  lower  background  levels 
provide  significantly  better  detection  limits  than 


the  previous  lens.  Further  PGAA  measurements 
are  underway. 

A monolithic  lens  consisting  of  a fused  ta- 
pered bundle  of  polycapillaries  has  been  shown 
to  provide  a smaller  focus  of  about  0.16  mm 
(FWHM  at  the  focal  spot),  with  a focal  length 
of  20  mm,  and  gains  in  neutron  current  den- 
sity gain  of  ~ 60,  comparable  with  the  polycap- 
illary lenses.  Each  optic  contains  many  thou- 
sands of  10  fim  channels  occupying  50%  of  the 
entrance  area,  and  proportionately  tapered  to- 
wards the  exit.  The  physical  dimensions  of  these 
devices  (at  present  the  maximum  entrance  diam- 
eter is  less  than  10  mm)  is  much  smaller  than  for 
the  polycapillary  lenses,  and  so  monolithic  lenses 
are  particularly  useful  for  the  NDP  instrument 
with  its  more  constrained  space.  The  goal  is  to 
perform  three  dimensional  compositional  map- 
ping of  thin-film  semiconductor  materials  using 
NDP  with  the  monolithic  tapered  lens  to  achieve 
greater  lateral  resolution  and  higher  sensitivity. 

The  transmission  of  neutrons  through  a ta- 
pered channel  has  been  analyzed  using  the  rela- 
tionships among  the  various  parameters  such  as 
the  distance  between  reflections,  and  the  polar 
and  grazing  angles  of  a trajectory  at  each  reflec- 
tion. These  results  have  been  used  in  a simu- 
lation to  study  the  transmission  characteristics 
of  a cylindrical  channel.  The  transmission,  the 
transmitted  beam  angular  divergence  and  the 
number  of  reflections  are  determined  for  differ- 
ent values  of  the  taper  angle  and  the  incident 
beam  divergence.  The  results  for  the  tapered 
channel  can  be  described  using  the  same  ana- 
lytic expressions  derived  for  the  straight  channel 
but  with  an  effective  lower  critical  angle. 

• Detector  Imaging  Research 

The  Nuclear  Methods  Group,  working 
through  a CRADA  with  CID  Technologies  Inc. 
and  with  the  Surface  and  Microanalysis  Science 
Division,  have  developed  a video  radiation  de- 
tector (VRD)  based  upon  a charged  injection 
device  (CID)  camera  and  image  processing  sys- 
tem. The  process  is  somewhat  analogous  to  the 
nuclear  track  technique,  and  applications  of  the 
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two  methods  do  overlap;  however,  the  VRD  sys- 
tem allows  real-time  high  resolution  imaging  of 
neutron  and  charged  particle  fields.  The  VRD 
system  is  essentially  100%  efficient  for  the  de- 
tection of  alpha  particles  above  a few  MeV  en- 
ergy; emission  rates  as  small  as  10“^  Bq  have 
been  localized.  The  system  allows  discrimina- 
tion between  tritons,  alpha  particles,  and  fission 
fragments.  Spatial  resolution  of  less  than  11 
/im  is  achieved  by  interpolating  between  cam- 
era pixel  elements.  Because  the  charge  injection 
device  is  sensitive  to  visible,  X-ray  and  UV  pho- 
tons, charged-particle  images  can  be  correlated 
with  optical  images  of  the  sample.  As  an  exam- 
ple, it  has  been  used  for  detecting  spontaneous 
emission  of  naturally  radioactive  materials  from 
minerals  or  contaminants  in  the  analysis  of  en- 
vironmental samples. 

By  adding  a thin  ^Li  converter,  we  have 
adapted  the  VRD  for  the  characterizing  neu- 
tron focusing  components  for  neutron  intensity, 
focal  plane  location,  and  analysis  of  individual 
elements  in  the  focusing  device.  Neutron  field 
maps  obtained  by  using  the  VRD  have  been  in- 
dispensable for  the  focused  neutron  project.  The 
location  and  size  of  the  focus  can  be  determined 
much  more  quickly  with  the  VRD  than  by  using 
a large  series  of  photographic  films.  Thus  the 
VRD  system  provides  a more  rapid,  and  higher 
resolution  image  in  electronic  format,  and  pro- 
vides data  of  a greater  dynamic  range  than  pho- 
tographic film. 

• Group  Interactions 

The  strong  interaction  with  industrial  sci- 
entists using  NDP,  PGAA,  and  NAA  has  con- 
tinued during  the  year  with  a growing  number 
of  guest  workers,  research  associates,  and  joint 
publications.  For  example,  working  this  year 
with  researchers  from  SEMATECH,  we  have 
used  NDP  to  study  various  aspects  of  quality 
control  using  CVD  (chemical  vapor  deposition) 
reactors.  These  measurements  will  be  useful  in 
optimizing  process  yield  and  rehability  as  well 
as  estabhshing  confidence  for  the  industrial  in- 
house  analytical  techniques. 


Smithsonian  Institution 

The  Conservation  Analytical  Laboratory  of 
the  Smithsonian  Institution  maintains  an  INAA 
research  facility  within  the  Nuclear  Methods 
Group  at  NIST.  This  facility,  which  consists 
of  two  automated  sample  changers  and  four 
gamma  detectors  with  associated  electronics, 
provides  high  precision  multielement  chemical 
data  for  use  in  a wide  range  of  Smithsonian  and 
Nuclear  Methods  Group  research  projects.  In 
the  past  year  over  1500  archaeological  samples 
have  been  analyzed  in  support  of  6 Smithsonian 
research  projects.  The  projects  include  studies 
of  Classic  Maya  pottery,  prehistoric  Pueblo  pot- 
tery, Bronze  and  Iron  age  ceramics  from  ancient 
Gordian  and  Hacinebi  in  Turkey,  obsidian  ar- 
tifacts from  Yemen,  and  lead  glazed  ceramics 
from  French  Colonial  sites  around  Mobile  Bay, 
Alabama.. 

One  highlight  of  this  year’s  research,  has  in- 
volved a study  of  the  chemical  characterization 
of  216  lead  glazed  earthenwares  recovered  in  ex- 
cavations of  French  colonial  sites  in  southern  Al- 
abama. These  sites  date  from  the  early  through 
mid  18th  century  and  include  Old  Mobile,  the 
first  capital  of  the  French  colonial  effort  in  the 
Gulf  region.  This  research  was  undertaken  to 
compliment  the  stylistic  classification  of  these 
ceramics  and  to  identify  the  sources  of  supply  of 
ceramics  to  the  French  colony. 

Two  basic  types  of  glazed  earthenwares 
were  examined:  lead  glazed  wares  with  non- 
calcareous  clay  bodies  and  tin  opacified  lead 
glazed  wares  with  calcareous  clay  bodies  - 
Faience.  Chemical  analysis  of  the  non  calcare- 
ous ceramics  showed  that  the  green  glazed  va- 
riety was  all  manufactured  at  a single  location, 
thought  to  be  in  France,  while  the  red  glazed 
variety  was  manufactured  at  an  other  location, 
possibly  in  France,  Spain  or  Mexico.  Three  sam- 
ples of  a stylistically  different  redware  could  be 
readily  distinguished  chemically  from  the  green 
and  red  wares  and  is  thought  to  have  been  made 
in  New  England  or  French  Canada.  The  calcare- 
ous ceramics  proved  to  have  a much  more  com- 
plicated chemical  profile.  Several  sherds  were 
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stylistically  identified  as  Mexican  productions 
and  all  these  matched,  chemically,  with  previ- 
ous analysis  of  ceramics  from  Puebla,  Mexico. 
The  French  faience  samples,  however,  fell  into 
nine  chemically  distinct  groups,  all  presumed  to 
represent  different  production  locales  in  France. 
Comparable  data  is  not,  at  present,  available 
from  production  centers  in  France  and  these 
samples  must  be  collected  and  analyzed  before 
a final  assignment  can  be  made. 

Food  and  Drug  Administration 

The  Food  and  Drug  Administration  (FDA) 
maintains  a neutron  activation  analysis  (NAA) 
facility  in  the  reactor  building  of  the  National 
Institute  of  Standards  and  Technology  (NIST). 
This  facility  is  directed  by  FDA’s  Center  for 
Food  Safety  and  Applied  Nutrition  and  pro- 
vides agencywide  analytical  support  for  special 
investigations  and  applications  research.  NAA 
complements  other  analytical  techniques  used  at 
FDA  and  serves  as  a reference  technique  and 
confirmatory  quality  assurance  (QA)  tool.  In- 
strumental, neutron-capture  prompt-7,  and  ra- 
diochemical NAA  procedures  (INAA,  PGAA, 
and  RNAA,  respectively)  continue  to  be  the 
prime  nuclear  analytical  approaches.  Radioiso- 
tope X-ray  fluorescence  spectrometry  (RXRFS) 
provides  support  for  FDA  programs  that  moni- 
tor potentially  toxic  elements  in  housewares  (e.g. 
Pb,  Cd  and  Ba).  A low-level  7-ray  counting  fa- 
cihty  developed  by  the  Nuclear  Methods  Group 
of  the  NIST  Inorganic  Analytical  Research  Di- 
vision is  used  to  determine  radioactivity  concen- 
trations of  ^^^Cs,  and  other  7-ray  emitters 
in  foods.  This  combination  of  analytical  tech- 
niques enables  diverse  multielement  and  radio- 
logical information  to  be  obtained  for  foods  and 
related  materials. 

Annually,  FDA’s  facility  at  NIST  performs 
multielement  analysis  with  INAA  (60  foods)  and 
radionuclide  analyses  (15  foods)  for  quahty  as- 
surance (QA)  in  conjunction  with  the  Agency’s 
Total  Diet  Study  (TDS)  Program.  Another  im- 
portant QA  task  undertaken  is  the  development 
of  in-house  food  reference  materials.  Two  ma- 


terials that  have  been  developed  for  use  in  FDA 
programs  are  soy-based  infant  powder  and  co- 
coa powder.  Preliminary  work  has  also  begun 
towards  the  development  of  a seafood  reference 
material.  As  a third  part  of  FDA’s  QA  ef- 
fort, four  NIST  food  Standard  Reference  Materi- 
als (SRMs),  1566  (Oyster  Tissue),  1567  (Wheat 
Flour),  1568  (Rice  Flour),  and  1570  (Trace  Ele- 
ments In  Spinach),  are  being  analyzed  by  INAA 
and  PGAA.  The  results  will  be  used  to  reval- 
idate or  reestablish  element  concentrations  for 
these  materials.  This  study  is  valuable  because 
FDA  can  continue  to  use  a supply  of  17  to  20- 
year  old  materials,  which  it  maintains,  as  ana- 
lytical controls,  even  though  the  original  certifi- 
cates have  expired.  These  results  are  valuable  to 
the  analytical  community  because  of  the  infor- 
mation generated  by  the  study  relevant  to  long- 
term stability  of  reference  materials.  Portions 
are  being  analyzed  from  bottles  that  have  been 
stored  under  a variety  of  conditions.  These  in- 
clude bottles  that  have  never  been  opened,  bot- 
tles that  have  been  opened  several  times  (over  a 
number  of  years)  to  remove  analytical  portions, 
and  some  that  have  undergone  long-term  desic- 
cation. Based  on  analyses  performed  to  date, 
the  original  certificates  values  for  Na,  Al,  K,  Ca, 
V,  Mn,  Cu,  and  Cd  still  represent  accurate  con- 
centrations. In  addition,  concentrations  deter- 
mined for  H,  B,  C,  N,  Mg,  S,  Cl  by  INAA  and 
PGAA  agree  well  with  literature  values. 

An  interlaboratory  trial  on  the  abihty  of 
three  different  commercial  lead  test  kits  to  mea- 
sure lead  in  solder  was  conducted  at  FDA’s 
NIST  facility  and  two  other  FDA  laboratories. 
One  set  of  15  solder  test  coupons  and  blanks 
(prepared  at  FDA’s  NIST  facility)  was  tested 
by  each  laboratory.  The  test  coupons  contained 
a variety  of  solders,  including  NIST  SRMs,  com- 
mercial products,  and  laboratory  preparations. 
PGAA  and  RXRFS  were  used  to  establish  or 
verify  Pb,  Sn,  Sb,  and  Bi  concentrations.  The 
trial,  whose  procedures  were  based  on  the  draft 
FDA  Laboratory  Information  Bulletin  (LIB) 
“Identification  of  Lead  Solder  on  a Metal  Can 
Seam”,  focused  on  lead  and  demonstrated  that 
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the  lowest  concentration  that  can  be  reliably 
measured  by  using  the  commercial  test  kits  and 
the  LIB  was  about  20%  Pb.  The  final  procedure 
was  issued  as  FDA  LIB  No.  4041. 

University  of  Maryland 

The  University  of  Maryland  (at  College 
Park,  UMCP)  aerosol  chemistry  group  has  used 
the  NBSR  reactor  for  instrumental  neutron  ac- 
tivation analysis  to  characterize  atmospheric 
aerosol  particles  and  gases  for  more  than  20 
years.  Detailed  and  accurate  multielement 
analyses  are  routinely  achieved,  nondestruc- 
tively,  for  up  to  40  elements  in  samples  collected 
for  periods  of  several  hours  to  a few  days  on 
various  types  of  filters  and  in  cascade  impactors 
which  size  fractionate  the  aerosol  into  as  many 
as  10  size  domains.  Some  of  the  elements  mea- 
sured, e.g..  As,  Se,  and  Hg,  are  highly  toxic  and 
are,  therefore,  of  epidemiological  interest,  espe- 
cially in  the  Chesapeake  Bay  and  Coastal  Ma- 
rine environments.  Equally  important  is  that 
information  on  elemental  constituents  remains 
a powerful,  fundamental  tool  with  which  at- 
mospheric somces,  transport,  and  processes  may 
be  elucidated.  Current  projects  are  discussed 
below. 

• Characterization  of  Submicrometer 

Aerosol  Particles 

Detailed  investigations  of  the  size  distrib- 
ution and  composition  of  urban  aerosols  are 
important  to  the  scientific  community  because 
they  contain  information  about  the  formation, 
sources,  transport,  and  atmospheric  behavior 
of  particles  containing  toxic  and  nutrient  sub- 
stances, and  respiratory  irritants.  This  work 
extends  measurement  to  very  small  (often  < 
100  fig)  samples  of  submicrometer  aerosol  par- 
ticles size  fractionated  with  low-pressure-drop 
Micro-Orifice  Impactors  (MOI).  In  a recently 
completed  study,  size-segregated  aerosol  sam- 
ples w’ere  collected  at  three  sites  near  Washing- 
ton, DC,  an  area  influenced  largely  by  emissions 
from  motor  vehicles,  utility  coal  and  oil  com- 
bustion, and  municipal  incineration;  and  at  two 


sites  in  the  heavily  industrialized  Philadelphia 
area,  to  determine  the  spatial  variability  in  el- 
emental size  spectra  and  relationships  between 
modal  diameter  and  atmospheric  aerosol  origin 
and  age,  including  hygroscopic  growth  functions. 

Samples  were  collected  daily  from  7 am  to  6 
pm  EST  at  the  three  Washington  sites  in  mid 
August  to  late  September,  1990;  and  at  the 
Philadelphia  area  sites  from  mid  October  to  mid 
November  using  10-stage  MOI  which  provided  7 
size  fractions  in  the  range  < 0.06  to  3 fim.  INAA 
have  now  been  completed  for  up  to  40  elements 
on  74  MOI  sets,  representing  > 600  individual 
samples,  laboratory  blanks,  and  field  blanks. 

The  results  of  this  study  confirm  the  exis- 
tence of  fine  structure  in  submicrometer  aerosol 
and  suggests  that  particles  from  various  sources 
remain  separated,  i.e.,  unmixed  over  urban 
transport  scales.  In  the  heavily  industriahzed 
Philadelphia  area,  the  size  spectra  show  indi- 
vidual accumulation  aerosol  peaks  for  elements 
such  as  Zn,  Ti,  and  V at  modal  diameters  of 
approximately  0.1  fim.  These  clearly  represent 
the  influence  of  plumes  from  a municipal  in- 
cinerator, titanium  pigment  plant,  and  resid- 
ual oil  combustion,  i.e.,  sources  in  close  prox- 
imity to  the  samphng  sites.  Elements  such  as 
As,  Se,  and  S,  which  have  strong  components 
from  distant  sources  and  occur  in  much  wider 
peaks  with  modal  diameters  near  0.5  ^m  and 
represent  what  receptor  modelers  have  termed 
“regional”  sulfate.  Whereas  classical  receptor 
modeling  employs  statistical  techniques  to  re- 
solve the  contributions  of  generic  source  types 
from  ambient  measurements  of  unfractionated 
fine  particles,  our  results  demonstrate  the  reso- 
lution of  individual  sources.  This  is  a degree  of 
resolution  not  previously  attained  by  statistical 
analysis  of  unfractionated  fine  aerosol  particles. 

In  addition,  by  fitting  spectra  containing  sin- 
gle peaks  and  correlating  the  fitted  mass  median 
aerodynamic  diameters  against  water  activity, 
we  have  developed  the  first  hygroscopic  growth 
function  for  V in  ambient  aerosol  particles.  As 
discussed  below,  growth  functions  for  various  el- 
ements are  sorely  needed  to  predict  their  dry 
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deposition  fluxes,  especially  to  natural  waters. 

• Chesapeake  Bay  Atmospheric  Deposi- 
tion Study 

Atmospheric  deposition  by  wet  and  dry 
processes  is  known  to  be  an  important  source  of 
several  anthropogenic,  particulate-bound  metals 
in  critically  important  waters  such  as  the  north 
atlantic  Ocean,  the  coastal  mid- Atlantic  waters, 
and  the  Great  Lakes.  The  Chesapeake  Bay,  per- 
haps the  world’s  most  productive  bay,  is  espe- 
cially subject  to  deposition  of  anthropogenic  air 
pollutants  as  it  lies  in  close  proximity  to  heav- 
ily polluted  urban  areas,  e.g.,  Baltimore,  MD, 
Washington,  DC,  Norfolk,  VA,  and  receives  pol- 
luted air  masses  from  the  heavily  industrialized 
Ohio  Valley. 

We  are  now  in  the  third  year  of  a project 
to  characterize  the  spatial  and  temporal  varia- 
tions in  the  concentrations  of  various  elements  in 
aerosol  particles  depositing  on  the  Chesapeake 
Bay.  Aerosol  particles  with  diameters  smaller 
than  10  fim  are  sampled  weekly  at  three  rural 
shoreline  sites,  one  at  the  Wye  Research  Insti- 
tute in  the  northern  Bay,  a second  near  the  Elms 
educational  institute  in  the  middle  Bay,  and  the 
third  at  Haven  Beach  located  near  Gloucester 
Point  in  the  south  Bay. 

Analyses  have  been  completed  for  more 
than  450  samples,  held  blanks,  and  labora- 
tory blanks.  In  addition  to  INAA,  inductively- 
coupled  plasma-atomic  emission  spectrometry 
(ICP-AES),  and  graphite  furnace  atomic  ab- 
sorption spectrometry  with  Zeeman  background 
correction  (GFAAS)  were  also  used.  Analyses 
for  Al,  As,  Cd,  Cr,  Cu,  Fe,  Nm,  Ni,  Pb,  S, 
Se,  and  Zn  have  been  used  to  estimate  aerial 
dry  deposition  fluxes  to  Bay  surface  waters  as 
the  product  of  the  annual  average  concentrations 
and  deposition  velocities  (Vds)  determined  from 
limited  experimental  measurements  on  other  wa- 
ters reported  in  the  literature.  The  results  in- 
dicate that  dry  deposition  fluxes  for  many  ele- 
ments emitted  from  high-temperature  combus- 
tion sources  are  comparable  to  wet  fluxes.  The 
dry  deposition  fluxes  of  elements  associated  with 


large  particles  of  coal  or  crustal  materials  typi- 
cally exceed  the  wet  fluxes  for  these  elements. 

Deposition  models  suggest  that  particle  size 
is  extremely  important  in  determining  deposi- 
tion velocities.  Size  is  governed  by  the  na- 
ture of  the  source,  coagulation,  cloud  process- 
ing, and  hygroscopic  growth.  Over  large  dis- 
tances, atmospheric  processes  tend  to  homoge- 
nize separate  particle  populations.  However,  on 
the  urban  scale,  our  submicrometer  aerosol  stud- 
ies have  shown  that  aerosol  particle  populations 
from  individual  sources  remain  discrete,  i.e.,  un- 
mixed. Thus,  particle  size,  hygroscopic  growth, 
and  deposition  of  various  elements  will  differ 
for  particles  emitted  from  different  sources.  To 
investigate  the  importance  of  these  effects,  we 
have  collected  size  segregated  aerosol  samples 
with  micro-oriflce  impactors  on  the  pier  at  the 
Matapeake  Police  Station  on  Kent  Island,  and 
on  the  Pier  at  the  Chesapeake  Biological  Lab- 
oratory in  Solomons,  MD.  INAA  of  15  sets  of 
these  samples  are  in  progress.  Preliminary  re- 
sults show  that  most  of  the  deposition  occur- 
ring under  neutral  conditions  at  wind  speeds  of 
5 m/s  (the  mean  Bay  wind  speed)  is  accoimted 
for  by  the  fraction  of  the  elemental  mass  associ- 
ated with  large  particles,  i.e.,  particles  > 5 ixm, 
aerodynamic  diameter.  For  example,  at  Mata- 
peak,  particles  collected  on  stages  0 and  1 (di- 
ameters 21  and  7 ^m)  accounted  for  85%  of  the 
deposition  of  S and  V,  despite  the  fact  that  only 
10%  of  their  mass  resides  in  these  particles. 
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Neutron  Interactions  and  Dosimetry 


This  group  provides  measurement  services, 
standards,  and  fundamental  research  in  sup- 
port of  NIST’s  mission  as  it  relates  to  neutron 
technology  and  neutron  physics.  The  indus- 
trial sectors  served  include  materials  develop- 
ment, scientific  instrument  calibration,  electric 
power  production,  radiation  protection,  national 
defense,  and  radiation  therapy. 

This  project  maintains,  develops,  and  ap- 
plies well-characterized  neutron  fields  for  de- 
tector development,  methods  evaluation,  and 
standardization  as  needed  for  materials  dosime- 
try in  nuclear  reactor  applications  and  for 
personnel  dosimetry  in  radiation  protection. 
These  neutron  fields  include  thermal  neutron 
beams,  “white”  and  monochromatic  cold  neu- 
tron beams,  a thermal-neutron-induced  gg_ 
sion  neutron  field,  and  ^^^Cf  fission  neutron 
fields,  both  moderated  and  unmoderated.  The 
calibration  of  these  neutron  fields  is  derived 
from  related  artifacts,  facilities,  and  capabili- 
ties maintained  by  the  project:  the  national 
standard  neutron  source  NBS-I,  a manganous 
sulfate  bath  for  neutron  source  comparisons,  a 
collection  of  fissionable  isotope  mass  standards 
(FIMS),  a collection  of  boron  and  lithium  iso- 
topic standards,  spectroscopy  facilities  for  both 
gamma  rays  and  alpha  particles,  and  a capabil- 
ity to  perform  radiation  transport  calculations. 
The  group  also  performs  experimental  tests  of 
critical  neutron  transport  data  and  computation 
methods. 

The  group  carries  out  forefront  research  at 
the  CNRF  in  neutron  physics  and  tests  of  funda- 
mental symmetry  principles,  develops  advanced 
measurement  techniques  in  neutron  interferom- 
etry, and  is  developing  neutron  spin  filters  based 
on  laser  polarization  of  ^He. 

Highlights  of  activities  are  given  below. 

Fundamental  Neutron  Physics 
• Neutron  Interferometry  and  Optics 


Since  September  1996,  the  Neutron  Inter- 
ferometry and  Optics  Facility  (NIOF)  in  the 
NIST  Cold  Neutron  Guide  Hall  has  been  fully 
operational  as  a national  users’  facility,  and  it 
has  a crowded  schedule  of  experiments  as  far 
as  can  be  seen  into  the  future.  One  third 
of  the  beam  time  is  reserved  for  NIST  staff 
research,  focused  primarily  on  development  of 
new  techniques  for  materials  research.  The  re- 
mainder of  the  beam  time  is  allotted  to  out- 
side users  by  an  advisory  committee,  based 
on  the  merit  of  research  proposals  submitted. 
Experiments  have  already  been  done  involv- 
ing researchers  from  the  University  of  Missouri- 
Columbia,  Exxon,  the  Hahn-Meitner  Institute 
(Berlin),  and  the  Atom  Institute  (Vienna). 
These  experiments  have  given  preliminary  re- 
sults in  phase-contrast  imaging,  high-resolution 
two-dimensional  absorption  imaging,  neutron 
scattering  length  measurements,  and  testing  of 
very  large  scale  interferometer  crystals.  Most  of 
these  experiments  are  expected  to  be  concluded 
in  the  next  few  months  after  receiving  additional 
beam  time. 

The  very  keen  interest  of  the  national  and  in- 
ternational user  community  in  this  facility  arises 
from  the  unique  capabilities  of  this  new  facil- 
ity. Two  new  large  interferometers  of  NIST  de- 
sign have  been  fabricated  and  are  being  used 
to  carry  out  experiments.  These  interferometers 
have  novel  design  features  allowing  elimination 
of  second  order  beam  contamination  and  opera- 
tion at  low  neutron  energies  (~  4 meV  ) which 
are  advantageous  for  materials  science  and  solid 
state  physics  research.  These  are  the  first  neu- 
tron interferometers  in  the  world  that  have  been 
successfully  operated  at  such  low  neutron  ener- 
gies. When  operated  at  shghtly  higher  energies, 
one  of  these  interferometers  achieved  fringe  vis- 
ibility as  high  as  88%  at  its  best  spot  and  had 
a large  area  with  fringe  visibility  exceeding  70% 
everywhere  within.  At  4 meV  the  fringe  visibil- 
ity is  about  40%  at  the  best  spots.  Phase  sta- 
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bility  is  of  the  order  of  a few  milliradians  per  24 
hours.  The  special  foundation  under  the  facility, 
robust  vibration  isolation  systems,  an  active  po- 
sition stabilization  system,  and  the  special  char- 
acteristics of  the  new  NIST  design  interferom- 
eter crystals  all  contribute  toward  the  achieve- 
ment of  these  unprecedented  performance  char- 
acteristics. 

In  addition,  exploration  of  the  possibilities 
and  preliminary  design  work  have  been  done  to- 
ward development  of  a large  scale  (~  20  cm  di- 
ameter) neutron  radiography /tomography  capa- 
bility. 

• Development  of  Neutron  Spin  Filters 
by  Laser  Polarization  of  ^He 

The  developmental  program  to  produce  po- 
larized neutron  beams  using  a ^He  spin  filter 
at  NIST  has  seen  major  advances  during  the 
last  two  years.  This  method  should  yield  ef- 
ficient, broadband  neutron  polarizers  that  will 
have  several  advantages  over  conventional  po- 
larizers, both  for  condensed  matter  studies  and 
for  fundamental  physics.  In  addition,  the  tech- 
nology for  polarizing  the  ^He  gas  is  applicable 
to  the  newly  emerging  medical  field  of  polarized 
gas  magnetic  resonance  imaging  (MRI),  as  well 
as  applications  in  basic  nuclear  physics. 

The  spin  filter  is  based  on  the  spin-dependent 
absorption  of  neutrons  by  polarized  ^He  in  the 
reaction  ^He(n,p)^H.  We  have  parallel  programs 
to  produce  polarized  ^He  either  by  (1)  spin- 
exchange  with  optically  pumped  rubidium  vapor 
or  (2)  by  direct  optical  pumping  of  metastable 
^He  followed  by  mechanical  or  cryogenic  com- 
pression of  the  low  pressure  gas.  Progress  in 
each  program  will  be  discussed  separately  be- 
low. 

Spin-Exchange  Based  Spin  Filter:  Mile- 
stones passed  in  the  last  two  years  include 
optimization  of  ^He  polarization  using  the 
Ti: Sapphire  laser,  conversion  to  use  of  inexpen- 
sive diode  laser  arrays  for  optical  pumping  of  Rb, 
construction  of  a cell  filling  station,  production 
of  cells  with  properties  required  by  a real  po- 
larizer, and  initial  testing  of  cells  on  a neutron 


beam.  Work  has  begun  on  a medical  imaging 
spin-off  of  this  technique. 

A ^He  polarization  of  25%  was  measured  in 
the  spin-exchange  setup  early  in  1995  using  the 
TirSapphire  laser.  Later  in  1995  we  measured 
15%  polarization  using  a laser  diode  array.  The 
diode  laser  requires  higher  density  ^He  for  opti- 
mal performance,  so  we  have  constructed  a cell 
filling  system  and  a new  oven  to  better  match 
the  properties  of  the  diode  laser.  The  filling  sys- 
tem was  commissioned  in  April  of  this  year,  and 
we  have  produced  multiple  cells  with  long  life- 
times (some  near  200  hours).  In  the  summer  of 
1996  we  tested  some  of  the  cells  on  the  polar- 
ized neutron  beam  at  the  end  of  NG-6  at  the 
Cold  Neutron  Research  Facility.  Results  from 
these  tests  are  guiding  the  design  of  improved 
cells  and  the  choice  of  cell  materials.  The  new 
materials  have  been  ordered  and  we  expect  to 
have  a viable  spin  filter  cell  within  the  next  few 
months. 

In  April  1996  we  were  contacted  by  a re- 
searcher at  the  University  of  Pennsylvania  re- 
garding magnetic  resonance  imaging  (MRI)  of 
lungs  using  polarized  ^He.  In  collaboration  with 
the  Medical  Imaging  group  at  Pennsylvania,  we 
have  produced  multiple  cells  containing  roughly 
one  liter  of  polarized  ^He,  and  produced  initial 
images  of  a volunteer’s  lungs,  which  are  almost 
impossible  to  image  using  traditional  MRI  tech- 
niques. 

Metastability- Exchange  Based  Spin  Filter: 
In  the  metastable  method,  the  gas  is  polarized 
at  a pressure  of  ~1  torr,  and  then  must  be  com- 
pressed up  to  a pressure  of  ~1  bar  for  use  as  a 
neutron  polarizer.  Maintaining  the  polarization 
during  compression  is  a technical  challenge,  but 
has  been  achieved  by  a group  in  Mainz,  Ger- 
many using  a two-stage  piston  compressor.  We 
are  developing  a similar  compressor  in  collab- 
oration with  Indiana  University.  Our  collabo- 
rators at  Indiana  have  designed  this  apparatus, 
and  NIST  is  assisting  with  the  construction  of 
their  optical  pumping  system.  In  addition,  we 
are  investigating  an  alternate  compression  ap- 
paratus based  on  modification  of  a commercial 
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diaphragm  pump.  Success  in  this  alternate  ap- 
proach could  yield  a compact,  simple  apparatus 
that  would  allow  very  economical  development 
of  the  metastable  method  for  neutron  polarizers 
and  other  applications.  The  apparatus  for  op- 
tical pumping  of  ^He  at  low  pressure  has  been 
constructed  and  80%  polarization  has  been  ob- 
tained. 

• The  Neutron  Lifetime  and  Asymme- 
tries of  the  Weak  Interaction 

The  NG6  End  Station  in  the  Cold  Neutron 
Guide  Hall  is  operated  as  a national  users’  fa- 
cility for  fundamental  neutron  physics,  under 
the  supervision  of  the  same  advisory  commit- 
tee mentioned  above  in  regard  to  the  NIOF.  Ex- 
periments at  this  beam  station  are  focused  on 
testing  aspects  of  the  standard  model  of  parti- 
cle interactions  which  are  accessible  from  precise 
measurements  of  neutron  interactions  and  decay. 

For  a number  of  reasons,  including  two 
longer-than-expected  shutdowns  of  the  NIST  re- 
search reactor,  the  neutron  lifetime  experiment 
had  to  be  taken  off-line  temporarily  to  allow 
beam  time  for  two  other  weak  interaction  ex- 
periments which  were  ready  to  run.  The  neutron 
lifetime  experiment  at  NIST  collected  data  dur- 
ing two  separate  periods  10/93  - 5/94  and  11/95 
- 5/96.  This  difficult  experiment  which  had  run 
with  some  success  in  Grenoble  previously,  has 
had  more  serious  difficulties  in  the  attempts  to 
improve  on  or  even  reproduce  the  Grenoble  re- 
sults at  NIST.  Investigations  of  several  possible 
causes  of  these  difficulties  are  in  progress  off-line 
while  the  initial  runs  are  made  for  the  two  other 
experiments:  Parity-Non-conserving  Spin  Rota- 
tion in  Liquid  Helium  and  the  emiT  Experiment, 
a search  for  time-reversal  asymmetry  in  neutron 
beta  decay. 

Parity-Non-conserving,  Neutron  Spin  Rota- 
tion in  Liquid  Helium:  This  experiment  con- 
cerning details  of  parity  violation  is  primarily 
the  work  of  a team  from  the  University  of  Wash- 
ington, Seattle  (D.  Markoff,  S.  Penn,  B.  Heckel, 
and  E.  Adelberger).  NIST  physicists  have  been 
involved  in  preparation  of  the  supermirror  po- 


larizer and  analyzer  for  this  experiment,  as  well 
as  other  aspects  of  beamline  preparation  and 
shielding;  the  polarization  achieved  was  96%. 
This  experiment  collected  useful  data  intermit- 
tently during  9/96  - 11/96,  but  suffered  fre- 
quent outages  for  recovery  from  cryostat  prob- 
lems. The  data  obtained  will  be  marginal  sta- 
tistically for  setting  a significant  bound  on  the 
spin  rotation  per  unit  length  of  travel.  A future 
run  with  an  improved  cryostat  is  expected. 

The  emiT  Experiment:  This  very  large 
collaboration  involves  physicists  and  engineers 
from  the  Univ.  of  Washington,  University  of 
Notre  Dame,  the  Lawrence  Berkeley  Laboratory, 
the  Univ.  of  Michigan,  Los  Alamos  National 
Laboratory,  and  NIST.  This  experiment  uses  the 
same  supermirror  polarizer  arrangement  as  the 
spin  rotation  experiment.  The  experiment  will 
run  for  about  20  weeks  beginning  in  12/96. 

Two  more  experiments  besides  conclusion  of 
the  beam-type  neutron  lifetime  experiment  are 
in  the  planning  stages  for  1997.  An  ultracold 
neutron,  bottle-type  lifetime  experiment  with 
collaborators  at  Harvard  University  is  in  prepa- 
ration, with  an  initial  run  expected  in  1997.  A 
repeat  of  a Russian  spin-antineutrino  asymme- 
try experiment  is  also  hkely  to  be  allocated  beam 
time.  NIST  staff  participated  in  an  initial  run 
of  this  experiment  in  Grenoble  in  the  summer  of 
1996. 

Neutron  Fields  and  Standards 

• Neutron  Dosimetry  for  Reactor  Safety 

Assessment 

Through  a cooperative  agreement  with  the 
Office  of  Nuclear  Regulatory  Research,  NIST 
provides  measurement  assurance  services  and 
consultation  related  to  neutron  dosimetry  and 
nuclear  reactor  safety.  After  many  years  of  NIST 
consultation  with  experts  from  industry  and  na- 
tional laboratories,  the  Draft  Regulatory  Guide 
DG-1053  (formerly  DG-1025),  Calculational  and 
Dosimetry  Methods  for  Determining  Pressure 
Vessel  Neutron  Fluence,  was  issued  in  essentially 
final  form  with  very  little  objection  from  the  ma- 
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jor  reactor  vendors  or  regulated  utilities.  NIST 
will  continue  to  support  the  measurement  as- 
surance steps  called  for  in  this  guide  to  keep  the 
national  measurement  system  on  track  in  this 
field.  Consultation  issues  have  begun  to  go  from 
the  generic  case  to  plant  specific  cases,  as  aging 
nuclear  electric  power  plants  are  nearing  levels 
of  cumulative  neutron  radiation  exposure  which 
could  be  of  concern  regarding  the  risk  of  brittle 
fracture  of  a pressure  vessel  under  certain  ex- 
treme conditions.  NIST  also  has  carried  out  and 
published  research  on  fission  neutron  transport 
through  thick  steel  sections  to  test  the  relevant 
nuclear  data  files  employed  in  calculations  for 
assessment  of  reactor  safety. 

• Nucle2ir  Cross  Section  Standards 

Nuclear  cross  section  data  standards  are  im- 
portant for  nuclear  reactor  safety  and  perfor- 
mance calculations,  for  development  of  fusion 
energy,  for  understanding  accelerator  neutron 
source  dosimetry,  and  for  basic  studies  in  as- 
trophysics. The  NIST  program  in  support  of 
these  nuclear  data  standards  has  been  substan- 
tially reduced  in  scope  in  recent  years,  and  the 
emphasis  of  the  remaining  program  has  shifted 
from  measurements  to  evaluation  and  interna- 
tional coordination  of  standards  efforts.  NIST 
performs  its  role  in  motivating  and  coordinating 
new  standards  measurements  by  examining  the 
standards  data  base,  pursuing  the  extension  of 
the  standards  over  a larger  energy  range,  and 
leading  efforts  directed  toward  new  evaluations 
of  the  standards.  These  efforts  have  taken  place 
largely  through  participation  in  the  Cross  Sec- 
tion Evaluation  Working  Group  and  our  interna- 
tional involvement  through  the  Nuclear  Energy 
Agency  Nuclear  Science  Committee  and  the  In- 
ternational Nuclear  Data  Committee.  Contin- 
uing experimental  collaborations  include  an  ef- 
fort at  the  Ohio  University  Tandem  Accelerator 
to  refine  the  angular  distribution  data  for  the 
very  important  hydrogen  scattering  cross  section 
standard. 


• Calibrations,  Irradiation  Services,  and 
Special  Tests 

The  demand  for  routine  calibrations  of  in- 
struments and  dosimeters  for  radiation  pro- 
tection has  recently  dropped  off  somewhat  as 
secondary  calibration  laboratories  have  opened 
across  the  U.S.,  but  assuring  the  quality  the 
measurements  at  the  secondary  laboratories  re- 
mains a fuUy  supported,  high  priority  activ- 
ity. NIST  calibrations  are  still  performed  for  in- 
strument manufacturers  who  need  direct  NIST 
traceability  for  international  trade  purposes. 
NIST  continues  to  directly  cahbrate  10-20  neu- 
tron sources  per  year,  because  there  is  not 
enough  demand  in  this  area  to  stimulate  de- 
velopment of  secondary  laboratory  capabilities. 
We  continue  to  satisfy  requests  for  a variety  of 
special  tests  of  instuments  and  samples  in  NIST 
standard  neutron  fields. 
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Interfaces  and  Thin  Films 

• Polymer  InterdifFusion  Near  an  Attrac- 
tive Interface 

Fundamental  knowledge  about  the  polymer 
dynamics  near  an  impenetrable  surface  is  impor- 
tant in  a number  of  technological  areas  including 
adhesion,  electronics  packaging,  and  composite 
materials.  The  natm-e  of  the  polymer-substrate 
interaction  plays  an  important  role  in  the  poly- 
mer properties.  For  example,  it  has  been  ob- 
served that  the  coefficient  of  thermal  expansion 
changes  with  film  thickness  and  also  increases  or 
decreases  with  different  polymer-substrate  inter- 
action energies  [1-3]. 

In  this  project,  we  apply  neutron  reflec- 
tivity to  measure  the  dynamics  of  the  Inter- 
diflrusion  between  polymer  bilayers  where  the 
polymer-polymer  interface  is  placed  at  different 
distances  from  an  attractive  solid  surface.  The 
system  that  we  study  are  bilayers  of  deuterated 
(Mw  = 135,000)  and  hydrogenated  poly  (methyl 
methacrylate)  (PMMA)  (Mw  = 143,000)  on  the 
native  oxide  surface  of  silicon  wafers.  The  silicon 
oxide  sluface  has  an  attractive  interaction  en- 
ergy with  PMMA  and  is  expected  to  retard  the 
interdiflfusion  dynamics  for  chains  “stuck”  to  the 
interface.  The  neutron  results  suggest  that  the 
interface  retards  the  polymer  chain  dynamics  at 
distances  up  to  3 radii  of  gyration,  R^,  of  the 
polymer  (for  this  polymer,  = 93  A).  This  rel- 
atively long  length  scale  indicates  that  the  pres- 
ence of  the  substrate  affects  polymer  chains  not 
directly  in  contact  with  the  surface.  Currently, 
we  continue  to  explore  the  polymer  chain  dy- 
namics using  other  lower  layer  thicknesses,  dif- 
ferent molecular  weight  polymers,  and  different 
substrates. 
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• Thermal  Expansion  of  a Buried  Inter- 
facial Layer 

In  this  project,  we  use  neutron  reflectivity  to 
measiire  the  coefficient  of  thermal  expansion  for 
a labeled  polymer  layer  near  an  attractive  in- 
terface inside  of  a bulk  polymer  film.  Following 
the  interdiffusion  experiment  of  PMMA  polymer 
films  described  above,  the  density  proffle  of  the 
deuterated  lower  layer  does  not  appear  to  change 
with  additional  annealing.  Using  this  profile  as 
a label,  we  measure  the  density  profile  as  a func- 
tion of  temperatme  to  determine  the  coefficient 
of  thermal  expansion. 

Prom  the  experimental  data,  we  obtain  in- 
formation about  the  thermal  expansion  for  both 
the  interfacial  layer  and  the  overall  polymer  film. 
The  coefficient  of  thermal  expansion  for  the 
overall  film  is  the  same  as  that  for  bulk  PMMA 
polymers  with  a distinct  change  near  the  glass 
transition  temperature  (T^)  of  the  bulk  poly- 
mer. Within  the  current  accuracy  of  our  mea- 
surement, the  interfacial  layer  appears  to  also 
follow  the  bulk  thermal  expansion  values,  but 
with  a transition  temperature  above  that  of  the 
bulk  T^.  This  behavior  is  in  agreement  with 
measurements  of  the  thermal  expansion  using 
ultrathin  one-component  PMMA  films.  Greater 
resolution  is  required  to  gain  a better  imder- 
standing  of  this  phenomena.  Toward  this  end, 
we  are  incorporating  the  use  of  higher  molecu- 
lar weight  polymers  to  mark  the  interfacial  layer 
more  clearly. 
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• Mass  Density  of  Polymer  Thin  Films 
Measured  by  Symmetric  Neutron  Re- 
flectivity 

In  recent  years  there  has  been  much  interest 
in  the  physical  behavior  of  polymer  thin  films.  A 
wide  variety  of  polymer  thin  film  physical  phe- 
nomena have  been  investigated  including  ther- 
mal expansion,  glass  transition  temperature,  dif- 
fusion, and  wetting,  just  to  cite  a few  representa- 
tive examples.  However,  one  fundamental  prop- 
erty of  polymer  thin  films,  upon  which  many 
of  the  other  properties  depend,  remains  unmea- 
sured. This  property  is  mass  density  and  this  is 
a difficult  quantity  to  measure  with  an  accuracy 
on  the  order  of  1%  or  better. 

The  mass  density  of  ultra-thin  polystyrene 
films  supported  on  silicon  substrates  was  mea- 
sured by  neutron  refiectivity  [l].  To  account 
for  possible  sample  misalignment  that  may  lead 
to  spurious  results,  the  reflectivity  was  mea- 
sured from  the  free  surface  side  of  the  thin 
film  and  from  the  silicon  substrate  side.  This 
new  approach  has  been  termed  “symmetric” , or 
“twin”,  reflectivity.  The  films  ranged  from  72.5 
to  6.8  nanometers  in  thidmess.  AU  except  the 
very  thinnest  films  showed  a mass  density  very 
close  to  that  of  the  bulk.  Those  that  were  less 
than  about  7 nanometers  in  thickness  showed 
a decrease  in  density.  The  films  were  prepared 
by  spin  coating  onto  two  difierent  silicon  sur-. 
faces:  the  native  oxide  and  the  monohydride- 
terminated  surface.  The  character  of  the  silicon 
surface  did  not  affect  the  film  density. 

Reference 

[1]W.  E. Wallace,  N.  C.  Beck  Tan,  S.  K.  Satija 
and  W.  L.Wu  , “Mass  Density  of  Polymer 
Thin  Films  Measured  by  Symmetric  Neutron 
Reflectivity”,  in  review. 

Blends 


• Polystyrene/Polybutadiene /Polystyrene-J 
Polybutadiene  Blends  Under  Shear 

The  effect  of  a diblock  copolymer  on  the 
phase  behavior  of  polymer  blends  under  shear 


flow  was  examined  by  SANS.  In  quiescent  con- 
dition, the  phase  diagram  of  the  PS/PB/PS-PB 
blend  shifts  linearly  downward  with  PS-PB  di- 
block concentration  and  the  kinetics  of  spinodal 
decomposition  slows  down  in  the  presence  of  di- 
block copolymer,  which  serves  as  a compatibi- 
hzer  in  the  blending  process.  In  addition,  a 
finer  and  more  dispersed  morphology  was  ob- 
served with  increasing  cop)olymer  concentration, 
and  the  molecular  weight  and  architecture  of 
the  copolymer  also  have  a strong  impact  on  the 
phase  behavior  of  the  blend.  The  influence  of 
simple  shear  fields  on  the  mixing/demixing  be- 
havior (in  the  one-phase  and  two-phase  regions) 
of  the  polymer  blend  with  various  copolymer 
concentration  was  studied.  Preliminary  results 
showed  that  suppression  of  concentration  fluctu- 
ations along  the  flow  direction  as  well  as  along 
the  vorticity  axis  was  observed,  however  the  sup- 
pression rate  decreases  with  increasing  copoly- 
mer concentration.  More  experiments  wiU  be 
conducted  on  the  blend  with  only  the  diblock 
polymers  are  labeled  to  investigate  the  role  and 
conformation  of  the  diblock  copolymer  of  the 
blend  under  the  steady  shear  flow. 

• Hydrogen  Bonded  Polymer  Blend 
SANS  was  used  in  the  study  of  the  polymer 
blends  made  miscible  by  a dilute,  random  distri- 
bution of  hydrogen  bonds  between  the  two  com- 
ponents. The  material  used  was  a binary  mix- 
ture of  deuterium-labeled  polystyrene  with  a low 
mole  fraction  (0.5  mole  % to  lOmole  %)  of  hexa- 
fluoro-isopropylnol  modification,  and  poly(butyl 
methacrylate).  The  OH  group  of  the  modified 
polystyrene  is  capable  to  form  hydrogen  bond- 
ing with  the  carbonyl  group  of  the  poly  (butyl 
methacrylate).  The  model  of  two  lengths  distri- 
bution with  the  hydrogen  bonding  forms  a po- 
tential barrier  to  inhibit  the  long-wavelength  in- 
stability W21S  studied  by  varying  the  co-monomer 
composition  (OH  containing  monomer)  of  the 
polystyrene  component.  The  SANS  static  struc- 
ture factor  at  various  temperatures  are  analyzed 
by  the  two  lengths  model. 
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• Small  Angle  Neutron  Scattering  Char- 
acterization of  Silicone  Polymer/Filler 

Blends 

The  focus  of  this  project  will  be  for  Dow 
Corning  to  prepare  deuterated  poly(dimethyl 
siloxane)  (PDMS)  and  trimethyl  treated  silica 
filler  materials  for  utihzation  in  small  angle  neu- 
tron scattering  (SANS)  studies  to  characterize 
component  molecular  dimensions,  domain  sizes, 
and  interaction  parameters  of  the  PDMS/filler 
blends.  Monte  Carlo  simulations  have  predicted 
the  polymer  chain  dimensions  in  the  absence  and 
presence  of  silica  fillers  as  a function  of  filler  size. 
Tests  of  these  predictions  are  not  yet  available 
and  the  proposed  studies  will  provide  a more 
thorough  understanding  of  the  PDMS  chains 
and  the  filler  particles  and  the  domain  sizes  of 
the  filler  components  in  the  blends.  Initial  ex- 
periments have  been  conducted  on  unlabelled 
materials  in  solvents  with  sufiicient  differences 
in  the  scattering  cross  sections  to  probe  the  ex- 
perimental conditions  which  will  be  required  in 
this  study. 

• Compatiblizers  made  from  Copoly- 
mers that  Exhibit  Strong  Interactions 

Blends  of  immiscible  polymers  often  require 
the  addition  of  a block  polymer  that  improves 
the  dispersion  and  adhesion  of  the  phases.  The 
blocks  are  usually  the  same  types  as  the  two 
polymers  to  be  blended.  If  the  blocks  contained 
a polymer  that  had  a strong,  favorable  interac- 
tion with  one  of  the  blended  polymers,  the  effect 
of  the  block  copolymer  may  be  much  stronger 
than  the  athermal  case. 

Random  copolymers  of  poly(methyl 
methacrylate-d8)  (PMMA)  and 

poly  (methacry  lie  acid)  (PMAA)  were  syn- 
thesized and  blended  with  polyethylene  oxide 
(PEO),  and  SANS  was  used  to  estimate  the 
strength  of  interaction  between  the  various 
polymer  pairs.  Scattering  from  PEO/PMMA 
was  typical  of  an  athermal  blend,  and  the 
calculated  interaction  parameter  was  negative, 
but  small  in  magnitude.  As  the  PMAA  content 
was  increased,  the  scattering  became  very  weak 
and  flat,  indicating  that  the  PEO/PMAA  inter- 


action was  very  favorable  thermodynamically. 

Block  copolymers  were  synthesized  and 
blended  with  PEO  and  polystyrene.  Copoly- 
mers made  with  PMAA  showed  very  favorable 
effects,  giving  very  fine  dispersions  of  the  phases. 

• Polystyrene-Poly(s-caprolactone)  Di- 
block Copolymer  and  the  Blends 

Block  copolymer  with  one  crystalizable  block 

and  the  corresponding  blends  will  be  studied  by 
SANS  with  and  without  the  external  shear  fiow. 
Currently  SANS  experiment  of  polystyrene- 
poly  (e-caprolactone)  under  shear  flow  is  being 
carried  out.  The  effect  of  crystalization  on  the 
micro-phase  separated  block  copolymer  struc- 
ture is  being  measured. 

Melts  and  Solutions 

• Micellization  of  Model  Ionic  Graft 
Copolymers 

This  study  includes  characterization  and  ex- 
perimental investigations  of  polymers  interact- 
ing by  way  of  strong  ionic  interactions  to  form 
ionic  micelles.  Light  scattering,  neutron  scatter- 
ing, and  TEM  are  used  to  characterize  solubility, 
size,  structure,  and  interactions  of  model  poly- 
mers with  specific  interacting  groups  incorpo- 
rated as  ionic  grafted  copolymers.  This  project 
will  encompass  appheations  of  these  materials 
for  water  recovery,  drug  defivery,  and  rheologi- 
cally  modified  solutions. 

Model  graft  copolymers  made  up  of  neutral 
backbones  and  ionic  grafts  have  been  synthe- 
sized and  characterized  as  a function  of  back- 
bone grafting  density.  Small  angle  neutron  scat- 
tering, dynamic  light  scattering,  TEM,  and  com- 
puter modeling  are  used  to  characterize  the 
solubility,  size,  shape,  and  specific  interactions 
of  self-assembled  micelles  that  form  from  these 
copolymers  in  selective  solvents  as  a fimction  of 
grafting  density,  concentration,  solvent  compo- 
sition, ionic  strength,  and  charge  density. 

Selective  solvents  have  been  identified  for 
PS/PMAA-Na-j-  and  PS/P4VPBz-hBr-  graft 
copolymers  and  micellization  has  been  observed 
and  characterized  in  three  samples  using  dy- 
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namic  light  scattering  and  small  angle  neutron 
scattering.  Structures  observed  in  these  sys- 
tems include  multi-molecular  spherical  micelles 
with  core-shell  morphology  as  well  as  intra- 
molecular cylindrical  micelles.  With  changes 
in  solvent  composition,  we  have  observed  struc- 
tural changes  in  micelles  of  PS/PM AA  graft 
copolymer  micelles  including  reverse  micelliza- 
tion.  With  changes  in  ionic  strength  we  have  ob- 
served changes  in  micelle  dimensions  and  chain 
extension.  Using  SANS  and  solvent  contrast 
matching,  the  preferential  absorption  of  small 
organic  molecules  into  the  interior  of  the  micelles 
has  been  investigated  as  a function  of  micel- 
lar geometry.  The  inter-particle  structure  factor 
which  quantifies  the  interactions  between  par- 
ticles in  solution  has  been  measured  at  higher 
concentrations  of  copolymers  for  both  spherical 
and  cylindrical  micellar  systems  and  modeled  as 
a function  of  ionic  strength,  solvent  composition 
and  concentration. 

• Examination  of  Cylindrical  Diblock 

Copolymer  Melts  During  Shear 

The  morphology  of  a diblock  copolymer  of 

(deuterated)  styrene-butadiene  at  rest  and  un- 
der shear  has  been  investigated  using  SANS.  The 
goal  of  this  study  was  to  examine  the  shear  ef- 
fects on  the  order-disorder  (microphase  separa- 
tion) temperature  of  copolymer  as  a function  of 
temperature,  shear  rate  and  strain.  The  dynam- 
ics of  the  structural  changes  during  and  after 
cessation  of  shear  were  also  examined.  Prior  ev- 
idence of  a martensitic-like  transformation  in  a 
triblock  copolymer  of  similar  molecular  weight 
motivated  these  studies  on  the  diblock  copoly- 
mer to  provide  insight  into  the  relationship  be- 
tween the  martensitic-like  transition  and  copoly- 
mer architecture. 

Using  a specially  designed  shear  cell,  scatter- 
ing data  from  the  copolymer  during  shear  in  two 
scattering  planes  was  obtained:  the  “through” 
position,  normal  to  the  shearing  plane  of  the 
material  and  the  “tangential  “ position,  giving  a 
view  of  the  materials  in  the  direction  of  fiow. 
The  martensitic  transformation  found  for  the 


triblock  copolymer  was  not  observed  in  the  di- 
block indicating  unique  fiow  mechanisms  for 
each  copolymer  chain  architecture  despite  simi- 
lar microstructural  morphologies.  Furthermore, 
we  have  observed  that  shearing  may  be  dis- 
ruptive to  the  long  range  order  of  the  diblock 
copolymer  but  that  a high  degree  of  order  is  re- 
gained upon  cessation  of  shear. 

• Examination  of  Lamellar  Diblock 

Copolymer  Solutions 

Order-disorder  transitions  (ODT’s)  of  sjrm- 
metric  styrene- 2- vinylpyridine  diblock  copoly- 
mers in  a common  good  solvent  and  melts  were 
determined  by  dynamic  rheological  measure- 
ments (DRM)  and  small  angle  neutron  scatter- 
ing (SANS)  measurements.  The  ODT  condi- 
tions determined  by  DRM  and  SANS  coincide 
with  each  other  and  the  degree  of  polymeriza- 
tion dependence  of  the  critical  volume  fraction  in 
solutions  at  almost  constant  temperature  agrees 
with  the  theoretical  prediction  for  semidilute  so- 
lutions. However,  the  semidilute  behavior  holds 
in  a much  wider  concentration  range  than  that 
of  ordinary  polymer  solutions  and  the  crossover 
from  semidilute  to  concentrated  regions  is  not 
clear. 

Rheological  properties  and  structural 
changes  under  steady  shear  fiow  were  stud- 
ied for  poly(st5rrene-d8-b-2-vinylpyridine)  in 
a-chloronapthalene  at  13  wt  %.  The  structural 
changes  were  observed  by  measuring  small 
angle  neutron  scattering  (SANS)  from  a flow 
cell  of  the  couette  type.  The  order-disorder 
transition  (ODT)  temperature  in  the  quiescent 
state  was  determined  to  be  55-60°C  by  dynamic 
mechanical  measurements  and  the  solutions 
assume  lamellar  structures  in  the  ordered  quies- 
cent state.  In  the  ordered  state,  both  the  shear 
stress  and  the  first  normal  stress  difference 
change  their  shear  rate  dependencies  at  certain 
critical  shear  rates  in  the  same  manner  as 
immiscible  polymer  blends.  It  was  found  that 
the  critical  shear  rate  for  the  change  in  the 
shear  stress  is  always  smaller  than  that  for 
the  change  in  the  first  normal  stress  difference. 
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SANS  measurements  revealed  that  steady- 
shear  flow  causes  the  lamellar  orientation  at 
certain  critical  shear  rates.  Lamellar  normals 
are  preferentially  oriented  along  the  vorticity 
direction  at  very  high  shear  rates.  Comparison 
between  rheological  and  SANS  data  indicates 
that  the  shear  stress  and  first  normal  stress 
difference  change  their  shear  rate  dependencies 
after  the  lamellae  are  preferentially  oriented. 

• Hybrid  Linear-Dendritic  Block 

Copolymers 

Associative  polymers  have  hydrophylic  and 
hydrophobic  blocks  that  form  hydrophobic  com- 
plexes in  water  based  solvent  mixtures.  The  rhe- 
ological properties  are  strongly  effected  by  the 
types  of  associations  which  can  be  probed  by 
small  angle  scattering. 

The  hybrid  hnear-dendritic  ABA  copolymers 
consist  of  stiflF  dendritic  aromatic  polyethers  as 
block  A that  are  connected  via  a flexible  lin- 
ear block  B of  Polyethylene  oxide  (PEO).  Six 
samples  were  studied  that  were  built  by  a com- 
bination of  dendrons  ([G2]  or  [G3])  and  linear 
PEO  (Mw,  11  k,  15  k,  and  23  k).  Two  different 
solvents  were  used,  one  of  which  (TP[F-d4)  is  a 
good  solvent  for  the  dendrons  and  a bad  solvent 
for  the  PEO  chain.  The  other  solvent  used  is  a 
mixture  of  1:1  (v:v)  CD3OD/D2O.  This  mixture 
is  known  to  be  a good  solvent  for  PEO,  but  is  a 
nonsolvent  for  the  dendrons. 

The  ABA  copolymers  dissolved  in  TirF-d4 
form  a solution  of  single  particles.  This  indicates 
a formation  of  intramolecular  micelles  formed 
by  the  dendrons  (blocks  A)  that  are  surrounded 
by  freely  soluble  PEO  chains  (block  B).  In  con- 
trast to  the  THF-d4  solutions,  the  copolymers 
form  gels  in  the  mixture  CD30D/D20  for  con- 
centrations c = 3 wt%.  For  concentrations  of 
c = 15  wt%  the  gels  are  macroscopically  sta- 
ble and  do  not  flow  over  a time  period  of  days. 
All  gelled  samples  show  a very  intense  peak  in 
the  scattering  function  I(q)  as  shown  in  Fig.l. 
The  peak  reflects  a regular  ordering  of  micelles 
formed  by  the  dendrons.  The  formation  of  mi- 
celles is  due  to  their  hydrophobic  interactions 
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Figure  1.  Plot  of  the  scattering  intensity  from  so- 
lutions of  hybrid  linear-dendritic  block  copolymers 
(type  ABA;  A,  aromatic  polyester  dendron  [G3];  B, 
linear  PEO, 23  k)  for  different  concentrations  in  a 1:1 
(v:v)  CD30D/D20  mixture. 

in  the  solvent  mixture.  The  strongly  uniform 
spacing  between  the  micelles,  as  indicated  by  the 
narrowness  of  the  observed  peak,  and  the  pres- 
ence of  a higher  order  shoulder,  can  be  explained 
by  a simple  model  consisting  of  dendrons  of  one 
ABA  copolymer  that  are  located  in  different  mi- 
celles that  are  bridged  by  the  PEO  chain. 

• Location  of  Counterions  in  Solutions  of 

Polyelectrolyte  Dendrimers 

The  location  of  the  terminal  groups  of  den- 
drimers and  the  location  of  associated  counter 
ions  of  protinated  terminal  groups  is  of  ma- 
jor importance  to  apphcations  of  dendrimers. 
SANS  of  dendrimers  with  labeled  counterions 
can  be  compared  to  the  scattering  of  the  whole 
dendrimer  to  compare  their  relative  radii-of- 
gyration. 

Eighth  generation  polyamidoamine  den- 
drimers were  protonated  with  acetic  acid-d3  and 
SANS  was  done  in  pure  D2O  and  in  D2O/H2O 
mixtures  that  were  a contrast  match  to  the 
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Figure  2.  The  downward  slope  indicates  that  the 
counterion  cloud  has  a larger  radius  of  gyration  than 
the  dendrimer  itself.  The  increase  at  higher  q is  an 
indication  that  the  counterion  cloud  forms  a narrow 
band  around  the  dendrimer. 


dendrimers.  In  the  first  case,  scattering  was 
from  the  whole  dendrimer,  and  in  the  second 
case,  the  scattering  was  from  only  the  counte- 
rion cloud.  Figure  2 shows  a plot  of  the  ratio 
of  the  two  scattered  intensities  vs  the  scatter- 
ing vector  squared.  The  slope  of  this  modified 
Guilder  plot  gives  the  difference  in  the  radii  of 
gyration  of  the  two  species. 

Pressure  Studies 

• Diblock  Copolymers  Under  Pressure 
This  work  examined  the  effect  on  pressure 

of  the  order-disorder  transition  in  block  copoly- 
mers. The  results  were  that  shifts  of  15  degrees 
centigrade  are  achievable  through  the  applica- 
tion of  pressure.  Additionally,  the  neutron  scat- 
tering data  was  shown  to  agree  with  data  taken 
through  optical  birefringence. 

• Polyolefin  Blends  Under  Pressure 

This  work  examines  the  effect  of  pressure  on 
polyolefin  blends. The  recent  commercialization 
of  mettalocene  based  polyolefin  materials  cre- 
ates a need  for  the  understanding  of  the  miscibil- 
ity of  these  materials  under  conditions  encoun- 


tered in  polymer  processing  conditions.  We  are 
examining  the  shifts  in  the  interaction  parame- 
ter in  both  LOST  and  UCST  type  blends  of  both 
model  and  commercial  materials.  Recent  results 
show  significant  increases  in  transition  temper- 
atures as  a function  of  pressure,  as  well  as  small 
shifts  in  the  radius  of  gyration. 
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Exxon  Research  and  Engineering  Company 
is  a member  of  the  Participating  Research  Team 
(PRT)  that  operates,  maintains  and  conducts 
neutron-related  research  activities  on  CNRF’s 
NG7-30m  SANS  instrument.  Most  experiments 
are  in  the  fields  of  polymers,  complex  fluids  and 
petroleum  mixtures,  using  SANS  as  a tool  to 
study  their  structure-property  relations.  We 
also  participate  in  other  type  of  activities  at 
CNRF,  for  example,  neutron  imaging,  neutron 
reflectivity.  The  following  short  reports  briefly 
describe  some  of  the  programs,  while  a more 
complete  list  of  the  programs  and  their  collabo- 
rators can  be  found  at  the  end  of  this  Section  in 
Research  Topics. 

Pure  Component  Properties  and  Mix- 
ing Behavior  in  Polyolefin  Blends 

This  work  summarizes  extensive  investiga- 
tion of  the  thermodynamic  interactions  that 
govern  phase  behavior  in  blends  of  polyolefins 
and  examines  their  relationship  to  pure  com- 
ponent PVT  properties.  Interaction  strengths, 
obtained  by  SANS  measurements,  are  classified 
as  regular  or  irregular  according  to  their  con- 
sistency with  a solubility  parameter  formalism. 
Characteristic  pressure  P*  and  temperature  T* 
are  obtained  from  PVT  data  on  the  pure  compo- 
nents with  various  liquid-state  models.  For  the 
regular  blends,  a close  correspondence  is  found 
between  the  SANS-based  and  PVT-based  solu- 
bility parameter  assignments,  the  latter  being 
closely  related  to  P*,  as  expected.  The  pattern 
of  deviations  for  the  irregular  blends,  positive 
in  some  and  negative  in  others,  effectively  ruled 
out  equation-of-state  contributions  as  a general 
explanation.  However,  the  results  suggest  that 
mismatches  in  both  P*  and  T*  play  some  role, 
and  we  offer  some  tentative  attempts  at  gener- 
alization. [1] 


Blends  of  Block  Copolymers  with  Ho- 
mopolymers 

A morphological  study  is  performed  with 
symmetric  diblock  ethylene- propylene  copoly- 
mer (DEP)  and  the  binary  blends  made  from 
DEP  and  atactic  polypropylene  (APP)  by  use 
of  small  angle  X-ray,  light  and  neutron  scatter- 
ing, and  also  scanning  and  transmission  elec- 
tron microscopy.  DEP  contains  a crystaUizable 
polyethylene  block  and  an  amorphous  atactic 
polypropylene  block.  Quenching  the  blends  in 
liquid  nitrogen  preserves  the  morphology  in  the 
melt  state.  This  quenching  technique  reveals 
that  DEP  forms  a lamellar  microdomain  struc- 
ture and  blending  DEP  and  APP  includes  mor- 
phological changes  in  the  microdomain  struc- 
tures as  well  as  macrophase  separation.  When 
the  APP  chain  is  shorter  than  the  APP  block, 
the  addition  of  APP  changed  the  morphology 
from  a lamellar  to  a bicontinuous  cylindrical 
and  then  a discrete  cylindrical  and  finally  to  a 
spherical  structure.  On  the  other  hand,  when 
the  APP  chain  is  longer  than  the  APP  block, 
macrophase  separation  is  observed  and  only  a 
transition  from  a lamella  to  a bicontinuous  cyhn- 
der  occurred.  These  morphological  transitions 
in  the  melt  state  can  be  correlated  to  differences 
in  the  crystaUization  kinetics  of  the  blends.  [2] 

Microstructure  and  Rheology  of  Poly- 
meric Micellar  Solutions 

We  study  the  relationship  between  mi- 
crostructure and  rheology  of  spherical  micelles 
formed  by  a triblock  copolymer  consisting  of 
polyethylene  oxide  and  polypropylene  oxide  in 
aqueous  solutions.  SANS  is  used  to  determine 
the  self-association  and  hydration  of  the  micelles 
at  various  polymer  concentrations  and  temper- 
atures. The  intermicellar  interaction  can  be  de- 
scribed as  a hard  core  repulsion  with  surface  at- 
traction. At  elevated  temperatures,  the  poly- 
meric micelles  exhibit  a higher  degree  of  associ- 
ation, dehydration,  and  surface  adhesion.  The 
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low  shear  viscosity  of  the  micellar  solution  is 
evaluated  as  a sum  of  the  hydrodynamic  contri- 
bution from  the  interparticle  interaction.  The 
latter  part  is  calculated  based  on  the  formula 
proposed  by  deShepper  et  al.  We  adopt  Baxter’s 
model  of  a hard  sphere  with  an  adhesive  surface 
to  evaluate  the  interparticle  structure  factor  and 
find  that  the  surface  attraction  effectively  in- 
creases the  viscosity  at  high  volume  fractions. 
To  calculate  the  relative  viscosity  at  low  shear 
rate  of  the  polymeric  micellar  solutions,  we  use 
the  volume  fractions  and  intermicellar  interac- 
tion potentials  extracted  from  SANS  data  analy- 
sis. We  obtain  excellent  agreement  between  the 
calculated  viscosity  values  and  the  experimental 
measurements.  [3] 

Simultaneous  Measurements  of  Viscos- 
ity and  Structm*e  for  Rod-like  Micelles 

The  structure-rheology  property  relation  is 
an  important  issue  in  understanding  complex 
fluids.  For  example,  the  macroscopic  viscosity 
is  an  ultimate  function  of  the  microstructure  of 
the  fluids  including  volume  fractions,  molecu- 
lar weights,  particle  size,  shape  and  distribution, 
and  interactions  among  various  constituents  of 
the  fluids.  Conventionally,  however,  the  two  as- 
pects are  measured  separately,  due  to  experi- 
mental difficulties.  With  a rheometer-modified 
SANS  cell,  we  study  a model  rod-like  micellar 
solution  where  we  measure  the  viscosity  while 
monitoring  the  microstructure  with  SANS  as  a 
function  of  shear  stress.  The  system  slightly  be- 
low the  overlapping  concentration  c*  would  go 
through  a phase  transition  at  a certain  critical 
shear  rate  when  both  the  viscosity  and  struc- 
tmre  undergo  a dramatic  change.  In  contrast, 
above  c*  such  a transition  never  happens.  With 
this  highly  correlated  study,  we  can  understand 
the  physics  underlining  the  transition  observed. 
The  modified  rheometer-SANS  ceU  can  be  used 
to  carry  out  similar  studies  on  other  complex 
fluids  where  rheology  is  a key  issue.  In  addition, 
the  understanding  of  the  rod-like  particles  in  so- 
lution drawn  from  this  study  can  be  applied  to 


other  anisotropic  systems. 

Structure  and  Flow  Properties  of  Rod- 
like Micelles  with  Associating  Poly- 
mers 

The  structure  and  alignment  of  rod-like  mi- 
celles in  aqueous  solutions  in  shear  flow  are  in- 
vestigated by  SANS.  Micellar  rods  in  dilute  con- 
centrations are  formed  from  an  equimolar  mix- 
ing of  cetyltrimethylammonium  bromide  and 
sodium  salicylate.  With  increasing  shear  rate, 
the  scattering  patterns  went  from  spherical  to 
elliptical  and  later  to  butterfly-like  ones.  In- 
creasing anisotropy  signifies  the  alignment  and 
eventually  the  growth  of  micelles.  The  ef- 
fect of  hydrophobic  interactions  with  associat- 
ing or  hydrophobically  modified  polymers  on 
micellar  alignment  and  growth  is  then  stud- 
ied. Hydroxyethylcellulose  with  and  without 
C16  grafts  in  semidilute  concentrations  is  added. 
With  non-associating  polymer,  a similar  trend 
in  scattering  is  seen  but  with  a shift  in  the 
anisotropy  to  lower  shear  rates  due  to  an  in- 
crease in  solvent  viscosity.  With  associating 
polymer,  stronger  anisotropy  is  observed  at  low 
shear  rates  from  better  alignment.  However,  at 
high  shear  rates  the  patterns,  surprisingly,  be- 
come more  isotropic  again  from  the  lack  of  micel- 
lar growth  and  the  loss  of  alignment.  It  is  likely 
that  the  associations  prevent  the  rods  from  com- 
ing together  and  growing  and  that  the  disruption 
of  interactions  leads  to  miceUar  breakup. 

High  Resolution  SANS  Characterizar- 
tion  of  Asphaltene  Particles 

Asphaltene  is  the  heaviest  components  of  a 
petroleum  liquid.  We  use  SANS  to  character- 
ize its  particle  size  and  distribution,  as  well  as 
their  change  under  various  concentrations  and 
temperatures.  Typical  SANS  curves  from  dilute 
to  semi-dilute  solutions  of  asphaltene  in  an  aro- 
matic solvent  (1-methylnaphthalene)  are  shown 
in  Fig.  1.  Conventional  SANS  (or  SAXS)  probes 
a Q range  of  only  larger  than  rsy  0.007  A-^  To 
that  extent,  the  curves  can  be  fit  with  models 
of  various  shape  and  size  distribution,  and  the 
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Figure  1.  SANS  intensity  normalized  by  the  vol- 
ume fraction  c for  2 asphaltene  solutions  in  1- 
methylnaphthalene-dlO  (circles:  5%;  squares:  15%). 

average  size  is  typically  no  larger  than  100  A. 
This  basic  particle  size  has  been  found  in  as- 
phaltene solutions  of  many  different  petroleum 
origins.  The  hi^  resolution  SANS  can  extend 
the  Q range  to  close  to  0.002  A~^.  An  uprising 
in  intensity  towards  the  lowest  Q probed  can  be 
seen  in  this  range.  So  far,  it  is  generally  consid- 
ered as  a signal  of  the  interactions  between  the 
basic  particles  and  lacks  analytical  interpreta- 
tion due  to  its  limited  Q range.  However,  we 
propose  that  it  actually  represents  an  impor- 
tant gradient  in  the  asphaltene  solutions,  which 
could  be  more  responsible  for  the  macroscopic 
behavior  (e.g.,  rheological  properties)  than  the 
basic  particles.  With  data  obtained  imder  vari- 
ous concentrations  and  temperatmres,  we  can  use 
scaling  arguments  to  quantitatively  characterize 
this  new  group  of  particles.  We  foimd  that  these 
particles  have  much  large  sizes,  in  the  range  of 
microns.  They  are  formed  by  the  aggregation 
of  the  basic  particles  when  temperature  is  low- 
ered or  when  concentration  increases.  Filtering 
experiments  also  confirm  our  predictions. 
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The  University  of  Minnesota,  through  its 
Center  for  Interfacial  engineering,  is  a member 
of  CNRF’s  participating  research  teams  (PRT) 
in  small-angle  neutron  scattering  (SANS)  (with 
NIST,  Exxon  Research  and  Engineering  Com- 
pany, and  Texaco  R &;  D)  and  reflectometry 
(with  NIST  and  IBM).  During  the  past  year 
the  research  emphasis  was  on  polymeric  materi- 
als with  participation  by  ten  graduate  students, 
two  post-docs,  three  faculty  members,  eight  staff 
scientists  located  at  four  National  Laboratories, 
and  one  industrial  scientist.  Work  performed  at 
NIST  plays  an  integral  part  in  a comprehensive 
research  program  at  the  University  of  Minnesota 
that  addresses  fimdamental  and  applied  aspects 
of  soft  materials  science  and  engineering. 

Research  Projects 

• Polypropylene  Blends 

Isotactic  polypropylene  (iPP)  is  now  the  sec- 
ond largest  volume  commodity  plastic  with  an- 
nual US  sales  in  excess  of  10  billion  pounds. 
Continued  growth  in  applications  requires  meth- 
ods for  blending  this  saturated  hydrocarbon 
polymer  with  other  plastics.  Recently,  the 
Univ.  of  Minn,  group  discovered  that  certain 
poly(ethylene/ethylethylene)  random  copoly- 
mers were  melt  miscible  with  commercial  iPP. 
SANS  experiments  at  NIST  have  aided  in  estab- 
lishing the  composition  and  temperature  range 
where  this  occurs,  thereby  providing  a quantita- 
tive framework  for  designing  homopolymer  and 
block  copolymer  additives. 

• Lifshitz  Behavior  in  Block  Copolymer 

Mean-field  theory  predicts  that  a symmetric 
A-B  diblock  copolymer  and  equal  amounts  of 
the  corresponding  A and  B homopolymers  will 
be  characterized  by  a multicritical  Lifshitz  point 
when  Na  = N^  < N^_5  where  N is  the  de- 
gree of  polymerization.  Previous  experiments 
with  high  molecular  weight  polyolefins  demon- 


strated close  agreement  between  experiment  and 
theory.  During  the  past  year  we  designed  two 
lower  molecular  weight  systems  in  order  to  make 
contact  with  the  related  field  of  surfactancy. 
Poly (ethyleneoxide)-poly (ethylene)  (PEO-PE) , 
and  poly(dimethylsiloxane)-poly(ethylethylene) 
(PDMS-PEE)  diblocks,  and  the  corresponding 
homopolymers  were  synthesized  and  combined 
to  yield  two  sets  of  symmetric  mixtures.  The 
PEO-PE  diblock  had  a molecular  weight  of  just 
M = 1,600  g/mol  while  the  PDMS-PEE  had  M 
= 12,000  g/mol.  Comprehensive  SANS  exper- 
iments provided  clear  evidence  of  a systematic 
departure  from  the  mean-field  prediction  as  M 
decreased.  Mixtures  of  PEO-PE  with  PEO  and 
PE  oligomers  displayed  phase  behavior  that  was 
remarkably  similar  to  that  foimd  in  oil-water- 
nonionic  surfactant  systems. 

• Polymer-Polymer  Thermo dynsimics 

Most  theories  that  attempt  to  predict 
polymer-polymer  phase  behavior  account  for 
segment-segment  interaction  energy  effects  us- 
ing the  classic  Flory-Huggins  x parameter.  This 
term  is  frequently  associated  with  local  inter- 
actions that  are  assumed  to  be  unaffected  by 
molecular  architecture.  Therefore,  both  block 
copolymers  and  homopolymer  blends  should 
be  described  by  a common  value  of  x-  A 
model  set  of  polyolefins  was  prepared  to  eval- 
uate this  common  assimption.  A symmet- 
ric poly(ethylene)-poly(ethylenepropylene)  (PE- 
PEP)  diblock  copolymer  and  equal  molecular 
weight  PE  and  PEP  homopolymers  were  syn- 
thesized, and  the  phase  behaviors  characterized 
by  rheological  and  SANS  experiments.  SANS 
determined  x(T)  expressions  were  found  to  be 
strongly  dependent  on  the  molecular  architec- 
ture contrary  to  our  expectation. 


Research  Projects 


107 


• Order  and  Disorder  in  Block  Copoly- 
mer Melts 

The  Polymer  Group  at  the  University  of 
Minnesota  continued  to  explore  various  aspects 
of  order  and  disorder  in  undiluted  block  copoly- 
mers during  the  past  year.  SANS  experiments 
on  PEO-polyalkane  diblock  copolymers  demon- 
strated complex  phase  formation  at  unprece- 
dented low  molecular  weights.  A new  category 
of  molecules,  tetrablock  copolymers,  was  syn- 
thesized for  the  purpose  of  studying  the  role  of 
variations  in  monomeric  friction  factors,  on  melt 
state  mobility.  SANS  measurements  pro\dded  a 
crucial  assessment  of  the  thermodynamic  state 
of  the  materials  as  a function  of  temperature. 
Correlation  hole  scattering  obtained  at  elevated 
temperatures  was  extrapolated  to  estimate  the 
order-disorder  transition  temperatures,  an  im- 
portant parameter  in  designing  the  diffusion  ex- 
periments. 

• Solvent  Distribution  in  Block  Copoly- 
mers 

Many  industrial  apphcations  of  block  copoly- 
mers involve  addition  of  low  molecular  weight 
modifiers.  For  example,  pressure  sensitive  adhe- 
sives (PSA),  a multibiUion  dollar  industry,  are 
typically  30%  to  50%  tackifier,  a complicated 
mixture  of  ohgomers.  In  order  to  better  under- 
stand the  properties  of  such  mixtures  the  Poly- 
mer Group  has  been  investigating  how  solvent 
quahty  and  concentration  affect  the  partition- 
ing of  low  molecular  weight  diluents  in  block 
copolymers.  By  taking  ad\’antage  of  the  contrast 
matching  technique  the  (weak)  localization  of 
solvent  at  the  interface  between  stj-uene  and  iso- 
prene  microdomains  has  been  documented  using 
SANS.  These  experiments  rely  on  subtle  \'aria- 
tions  in  local  scattering  length  density,  that  pro- 
duce a weak  signal  on  a substantial  incoherent 
background  intensity.  Our  recent  success  in  doc- 
umenting this  effect  was  facilitated  by  the  en- 
hanced flux  made  available  by  the  cold  source 
upgrade. 


• Polymer  Coil  Dimensions 

One  of  the  most  fundamental  polymer  struc- 
tural characteristics,  which  influences  melt  and 
solution  state  thermodynamics  and  dynamics,  is 
the  coil  conformation.  Routine  measurements 
of  coil  dimensions  is  a crucial  component  of  the 
Univ.  of  Minn.  Polymer  Group  effort  at  NTST. 
During  the  past  year  several  projects  have  re- 
hed  on  such  determinations  including  a variety 
of  hydrogenated  polybutadienes,  and  a commer- 
cial isotactic  polypropylene. 

• Confinement  Effects  in  Diblock 

Copolymer  Thin  Films 

Block  copolymers  are  strongly  affected  by 
symmetry-breaking  interfaces,  particularly  in 
thin-fihn  form.  Two  classes  of  neutron  re- 
flection (NR)  experiments  have  been  con- 
ducted during  the  past  year  vdth  poly(styrene)- 
poly(vinylpyridine)  (PS-PVP)  diblock  copoly- 
mers, cast  onto  large  silicon  wafer  substrates. 
First,  blends  of  two  PS-PVP  diblocks  vdth  dif- 
ferent compositions,  and  controlled  levels  of 
deuterium  labehng,  were  used  to  e^-aluate  self- 
consistent  mean-field  theory  (SCFT)  predictions 
regarding  chain  localization  and  stretching  in 
the  lamellar  morphology.  Nearly  quantitative 
agreement  was  found.  The  second  type  of  ex- 
periment exploited  a confinement  technique  de- 
veloped in  our  laboratory.  PS-PVP  layers  were 
restricted  between  two  hard  walls,  and  the  sta- 
bility of  the  lamellar  morphology  evaluated  by 
NTl  and  transmission  electron  microscopy.  As 
the  space  allotted  to  the  molecules  w'as  re- 
duced, packing  frustration  led  to  a morpholog- 
ical transition  producing  a new  in-plane  struc- 
ture. NTl  confirmed  the  viabifity  of  this  method 
for  producing  conformationally  strained  films 
that  could  be  hberated  by  stripping  one  of  the 
confining  walls . 

• Swelling  Lamellar  Thin  Films 

The  thin  film  geometry  affords  an  ideal  sam- 
ple arrangement  for  evaluating  the  effects  of 
preferential  solvent  swelling  of  the  lamellar  block 
copolymer  morphology.  PS-PVP  diblocks  are 
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an  excellent  material  for  this  purpose  since 
methanol  is  a non-solvent  for  PS  but  swells  PVP 
at  ambient  conditions.  The  PVP  domain  con- 
fined between  the  PS  domains  typically  swell  by 
about  500%  relative  to  their  dry  state  thickness. 
NR  data  analysis  reveals  a structure  consistent 
with  a pair  of  opposing  polymer  brushes  in  the 
methanol  swollen  PVP  domains. 
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High-Flux  Backscattering  Spectrome- 
ter 

The  High-Flux  Backscattering  Spectrometer 
(HFBS),  which  will  occupy  the  end  position  on 
guide  NG-2,  is  still  under  development.  This 
new  instrument  will  enable  scientists  to  perform 
ultra-high  energy  resolution  studies  of  the  low- 
frequency  dynamics  of  a large  variety  of  systems. 
Applications  of  backscattering  spectroscopy  are 
numerous  and  include  studies  of  rotational  tun- 
neling, molecular  reorientations,  diffusion,  dy- 
namics of  liquids,  and  critical  scattering  near 
phase  transitions. 

The  primary  limitation  of  backscattering 
spectroscopy  is  the  low  neutron  flux  that  re- 
sults from  having  such  a sharp  energy  resolu- 
tion. Therefore  the  goal  of  the  HFBS  is  to 
maximize  the  neutron  flux  as  much  as  possible 
using  state-of-the-art  neutron  optics  while  pro- 
viding an  energy  resolution  of  less  than  1 jieV 
full  width  at  half  maximum  (FWHM).  To  this 
end,  the  instrument  design  incorporates  several 
flux-enhancing  elements  including  a 4 m long 
converging  guide,  a large  spherically-focussing 
monochromator  and  analyzer,  and  a novel  de- 
vice known  as  a phase-space  transformation 
(PST)  chopper. 

A backscattering  spectrometer  can  be  viewed 
most  simply  as  a special  case  of  a triple-axis 
spectrometer  in  the  limit  where  the  scattering 
angles  of  both  the  monochromator  and  analyzer 
are  180°.  In  keeping  with  this  analogy,  the 
HFBS  will  operate  in  a fixed  final-energy  mode 
with  Ef  = 2.08  meV.  This  energy  corresponds 
to  a wavelength  of  6.271  A,  which  is  set  by  the  d- 
spacing  between  the  (111)  lattice  planes  of  the 
silicon  analyzer.  The  incident  neutron  energy 
Ei  cannot  be  varied  in  the  traditional  way,  i.  e. 
by  changing  the  scattering  angle  of  the  mono- 
chromator, as  this  would  cause  the  instrument 
to  move  out  of  the  backscattering  condition.  In- 
stead, Ei  will  be  varied  using  a Si(lll)  mono- 
chromator attached  to  a Doppler  drive  which, 


when  running  at  full  speed,  will  give  users  ac- 
cess to  a maximum  neutron  energy  transfer  of 
AE  = ±60  /ieV.  The  target  energy  resolution 
for  the  HFBS  is  ~ 0.75  /xeV  FWHM  with  a Q- 
range  of  0.15  to  1.8  A~^. 

It  is  hoped  that  the  HFBS  will  provide  a sig- 
nificant increase  in  flux  beyond  what  is  presently 
available  at  other  backscattering  facilities.  This 
flux  increase  is  achieved  in  several  stages.  Start- 
ing with  the  converging  guide,  the  entire  15  cm 
x6  cm  neutron  beam  from  NG-2  will  be  focussed 
down  to  2.8  cm  x 2.8  cm  over  a distance  of  4 
meters.  The  interior  surfaces  of  this  guide  are 
coated  with  29^^  supermirrors,  and  should  in- 
crease the  outgoing  flux  by  a factor  of  3.  The 
outgoing  beam  divergence  will  increase  accord- 
ingly, as  required  by  Liouville’s  Theorem. 

The  PST  chopper,  which  immediately  fol- 
lows the  converging  guide,  is  perhaps  the  most 
intriguing  component  of  the  HFBS  as  it  exploits 
the  physics  of  Bragg  diffraction  from  moving  mo- 
saic crystals.  The  chopper  consists  of  a 1 m di- 
ameter disk  that  is  divided  into  six  sectors.  The 
periphery  of  alternate  sectors  is  covered  with 
highly-oriented  pyrolytic  graphite  (HOPG)  crys- 
tals 3.5  cm  high,  2.8  cm  wide,  and  0.15  cm  thick 
which  are  mounted  inside  magnesium  cassettes. 
The  (002)  lattice  planes  of  the  HOPG  crystals 
are  aligned  parallel  to  the  axis  of  rotation  of  the 
chopper  disk  so  that  when  spinning,  the  crys- 
tals are  moving  perpendicular  to  the  scattering 
vector. 

Neutrons  that  are  Bragg  diffracted  from  the 
rotating  PST  chopper  are  Doppler-shifted  up 
or  down  in  energy  depending  on  whether  they 
are  less  than  or  greater  than  2.08  meV,  respec- 
tively. This  corresponds  to  a tilting  of  the  out- 
going Bragg-diffracted  phase  space  element  with 
respect  to  the  nominal  final  neutron  wavevec- 
tor  kf.  Monte  Carlo  simulations  suggest  that, 
with  the  PST  chopper  spinning  at  4700  rpm, 
the  phase-space  transformation  process  should 
enhance  the  flux  of  2.08  meV  neutrons  incident 
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on  the  monochromator  by  a factor  of  5 - 6 rela- 
tive to  that  diffracted  from  a stationary  chopper. 
The  total  diffracted  flux,  however,  will  depend 
directly  on  the  reflectivity  of  the  HOPG  crystals. 

An  additional  flux  increase  is  obtained  by 
spherically  bending  the  silicon  crystals  used  to 
monochromate  and  analyze  the  incident  and 
scattered  neutrons.  The  bending  introduces  a 
small  lattice  gradient  along  the  [111]  direction, 
thereby  increasing  the  bandwidth  of  neutron  en- 
ergies that  satisfy  the  backscattered  Bragg  con- 
dition. In  the  case  of  the  analyzer,  this  bend- 
ing is  achieved  by  gluing  thin  Si(lll)  wafers 
onto  spherically  cut  aluminum  backing  plates. 
The  flux  increase  that  results  from  this  bending 
scales  with  the  FWHM  of  the  energy  resolution, 
assuming  a constant  reflectivity.  The  finished 
analyzer  will  stand  2 meters  tall,  span  165°  in 
scattering  angle,  and  cover  20%  of  47r  steradians, 
nearly  70%  more  than  that  on  IN16  at  Grenoble. 

In  the  past  year,  a liquid  nitrogen  cooled 
Be/Bi  filter  has  been  installed  on  NG-2  with  a 
total  filter  capacity  of  16  inches.  A neutron  ve- 
locity selector  has  been  installed  just  after  the 
filter.  All  of  the  electrical,  vacuum  and  water 
connections  have  been  made  and  tested.  Nearly 
all  of  the  glass  for  NG-2  has  been  installed  and 
leak  tested.  Only  the  converging  guide  section 
remains  to  be  mounted.  In  addition,  all  of  the 
corresponding  guide  shield  walls  and  roofs  have 
been  put  into  place.  Construction  of  a ther- 
mal shutter  mechanism  is  nearly  complete.  This 
shutter  will  be  placed  just  before  the  converging 
guide. 

The  internal  cadmium  shielding  for  the  large 
vacuum  chamber  shown  in  Fig.  1 has  been  in- 
stalled, and  the  external  high  density  poly- 
ethylene shielding  has  been  cut  and  is  being 
mounted  into  place.  A dedicated  crane  is  being 
purchased  to  lift  sample  dewars  and  cryogenic 
equipment  off  the  experimental  floor  and  onto 
the  chamber  roof.  This  crane  will  be  bolted  to 
the  top  of  the  chamber.  Both  stairs  and  railings 
for  the  chamber  have  been  designed  and  sent  out 
for  bids. 

Progress  on  the  PST  chopper  has  also  con- 


Figure  1.  Schematic  diagram  of  the  CNRF 
backscattering  spectrometer. 

tinned.  The  last  of  the  180  HOPG  crystals 
needed  for  the  PST  chopper  have  been  tested 
and  loaded  into  the  Mg  cassettes.  The  measured 
mosaic  spread  of  each  crystal  lies  between  2.25° 
and  3.00°  FWHM.  The  crystals  were  stacked  in 
groups  of  three,  separated  by  Be  wedges,  in  or- 
der to  obtain  an  effective  mosaic  spread  of  7.5° 
FWHM,  a value  that  was  chosen  on  the  basis  of 
detailed  computer  simulations.  The  PST  chop- 
per has  been  statically  balanced,  and  is  awaiting 
a final  dynamical  balancing  before  it  is  mounted 
inside  the  vacuum  chamber. 

Tests  of  the  Doppler  drive  were  performed 
using  a laser-based  vibrometer.  The  results  of 
these  tests  indicate  the  need  for  significant  de- 
sign review  and  rework  as  the  velocity  profile  of 
the  drive  exhibited  numerous  glitches  near  the 
maximum  speeds  where  the  cam  follower  bear- 
ings were  apparently  bouncing  from  one  side  of 
the  cam  surface  to  the  other.  This  has  serious 
implications  for  both  bearing  wear  and  data  ac- 
quisition. Two  promising  alternative  design  op- 
tions have  been  identified  and  are  being  pursued. 

Delivery  of  the  analyzer  has  been  delayed 
by  unforeseen  difiiculties  in  machining  the  large 
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rectangular  aluminum  backing  structures  to  the 
high  surface  tolerance  required  for  optimal  per- 
formance. Delivery  is  now  scheduled  for  Febru- 
ary of  1997.  This  will  be  the  last  component  of 
the  HFBS  to  arrive.  Calibration  and  testing  of 
the  HFBS  should  begin  during  the  fall  of  1997. 

Neutron  Spin  Echo  Spectrometer 

The  Neutron  Spin  Echo  (NSE)  spectrometer 
is  being  built  and  vdll  be  operated  as  a PRT 
facility  involving  NIST,  KFA-Jiilich,  and  Exxon 
Research  and  Engineering  Co.  The  KFA-Jiilich 
has  recently  finished  construction  of  a similar 
spectrometer  for  which  operational  testing  be- 
gan in  March  1996.  The  NSE  spectrometer  udll 
be  installed  in  the  end  position  on  guide  NG- 
5.  The  instrument  is  optimized  to  maximize  the 
neutron  flux  on  the  sample  by  keeping  the  length 
as  short  as  possible,  while  achieving  as  high  a 
resolution  as  practicable.  The  maximum  Fourier 
time  is  expected  to  be  at  least  9.2  x lO^^A^  sm~^ 
(i.e.  47ns  for  8 A neutrons).  This  design  at- 
tempts to  reduce  the  magnetic  field  coupling  be- 
tween the  two  main  coils  in  order  to  allow  access 
to  large  momentum  transfers  (up  to  2 A“^). 

The  incident  beam  will  be  monochromatized 
to  10%  by  a mechanical  velocity  selector,  and 
polarized  by  a transmission  cavity  similar  to 
that  developed  for  SANS.  Provisions  have  been 
made  for  the  possible  use  of  a reflection  polarizer 
at  longer  wavelengths  or  a Drabkin  flipper  for 
better  monochromatization  of  the  beam.  An  op- 
tical filter,  similar  to  that  designed  for  the  NG-4 
Disk  Chopper  Spectrometer  has  been  designed. 
This  optical  filter  will  ehminate  the  requirement 
for  a Bi/Be  filter,  and  so  increase  the  flux  on  the 
sample  by  40%.  The  flux  transmission  through 
the  optical  filter  is  estimated  to  be  75%  at  6 A 
and  100%  above  8 A. 

Correction  elements  have  been  designed  (at 
the  KFA-Juhch)  that  will  allow  not  only  off-axis 
neutrons  to  satisfy  the  echo  condition  but  also 
divergent  neutrons.  Tests  performed  at  Jiilich 
have  shown  that  the  echo  condition  at  30  ns 
(70%  full  power)  can  be  satisfied  over  an  area 
of  at  least  12  cm  in  diameter  on  the  detector. 


Unlike  SANS,  where  the  polarization  analysis 
can  be  performed  anywhere  along  the  scattered 
flight  path,  the  polarization  analysis  for  NSE  can 
only  be  performed  just  before  the  detector.  In 
order  to  satisfy  the  demands  on  mechanical  sta- 
bility for  good  polarization  efficiency,  a mono- 
lithic array  of  polarizing  supermirror  elements 
has  been  designed  that  will  allow  all  neutrons 
from  a sample  of  up  to  5 cm  in  diameter  to  be 
analyzed  and  detected. 

The  NSE  spectrometer  will  move  on  air  pads, 
thereby  requiring  the  construction  of  a suitably 
smooth  and  level  floor:  a tanzboden.  We  have 
successfully  tested  an  epoxy  tanzboden  with  a 
test  bed  bearing  loads  of  up  to  8 tons.  Con- 
struction of  the  NSE  tanzboden  is  underway  and 
will  be  completed  in  early  1997. 

The  main  coils  for  the  spectrometer  were  de- 
livered in  November  1994.  The  remaining  elec- 
tronics and  carriers  for  the  coils  were  delivered 
in  July  1996.  Operational  testing  is  expected  to 
begin  in  the  summer  of  1997. 

Disk  Chopper  Time-of-Flight  Spec- 
trometer 

The  Disk  Chopper  Spectrometer  (DCS),  at 
the  NG-4  neutron  guide,  wiU  be  used  for  a va- 
riety of  experiments  such  as  studies  of  magnetic 
and  vibrational  excitations,  tunneling  spec- 
troscopy, and  quasielastic  neutron  scattering  in- 
vestigations of  local  and  translational  diffusion. 
One  of  the  challenges  in  designing  this  instru- 
ment has  been  to  provide  a high  energy  reso- 
lution option,  albeit  at  the  expense  of  intensity, 
without  having  to  resort  to  neutron  wavelengths 
which  severely  limit  the  range  of  available  wave 
vector  transfers.  The  instrument  promises  to 
be  versatile,  popular,  and  fully  competitive  with 
similar  instruments  in  Europe. 

The  NG-4  guide  has  been  installed  to  a point 
just  short  of  the  first  chopper  housing  position. 
Measured  fast  neutron  and  gamma-ray  intensi- 
ties at  the  end  of  the  guide  are  reasonably  con- 
sistent with  estimates  based  on  extensive  ana- 
lytical and  Monte  Carlo  numerical  calculations 
performed  by  J.M.  Rowe  and  N.  Rosov  (private 
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Figure  2.  The  engineering  design  of  the  flight  chamber  for  the  Disk  Chopper  Spectrometer,  showing 
a detector  rack,  the  sample  chamber,  and  some  external  shielding.  Also  visible  are  the  last  two  chopper 
housings,  and  several  neutron  guide  sections.  The  distance  from  the  sample  axis  to  the  detectors  is  4 meters. 


communication).  The  results  also  imply  that 
the  optical  filter  will  reduce  fast  neutron  and 
gamma-ray  intensities  to  sufficiently  low  levels 
that  we  will  not  need  an  additional  filter  in  the 
guide.  Nevertheless  we  shall  install  an  extra 
short  section  of  guide  in  front  of  the  first  chopper 
housing;  this  guide  will  be  removable  to  permit 
installation  of  an  additional  crystal  filter  in  the 
unlikely  event  that  this  proves  necessary. 

The  DCS  uses  a set  of  seven  chopper  disks 
and  a partitioned  guide  to  produce  monochro- 
matic pulses  of  neutrons  at  the  sample  posi- 
tion. The  first  and  last  chopper  pairs  deter- 
mine the  incident  wavelength  and  the  three  in- 
termediate choppers  remove  contaminant  wave- 
lengths and  unwanted  pulses  [1] . There  are  three 
slots,  with  different  angular  widths,  in  each  of 
the  disks  belonging  to  the  first  and  last  counter- 
rotating chopper  pairs.  By  appropriately  phas- 


ing these  disks  the  instrument  can  be  oper- 
ated in  one  of  three  distinct  “resolution  mod- 
es” , without  having  to  change  the  incident  wave- 
length or  the  speed  of  the  choppers.  During  the 
past  year  we  have  continued  to  test  and  debug 
the  chopper  system,  in  close  collaboration  with 
our  colleagues  Stephan  Polachowski  and  Jurgen 
Rabiger  (KFA  Jtilich).  Future  plans  include  re- 
placement of  the  analog  magnetic  bearing  con- 
trol modules  with  newly  designed  digital  mod- 
ules; the  new  modules  dramatically  improve  the 
mechanical  stability  of  the  disks  with  respect  to 
axial  disturbances. 

The  channeled  guides  which  pass  through 
the  chopper  housings  will  be  enclosed  in  metal 
casings.  This  approach  has  the  advantage  that 
the  guides  will  be  protected  from  shocks  which 
could  conceivably  break  the  vacuum,  causing 
catastrophic  damage  to  one  or  more  choppers. 


Disk  Chopper  Time-of-Flight  Spectrometer 
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The  casings  have  been  designed  and  detailed, 
and  manufacturing  will  begin  shortly. 

The  mechanical  design  of  the  rest  of  the 
instrument  has  advanced  rapidly  in  the  past 
twelve  months.  The  detector  racks,  which  can 
accommodate  more  than  900  ^He  proportional 
counters  placed  4 meters  from  the  sample,  were 
described  in  last  year’s  progress  report  [2].  They 
are  presently  being  fabricated  in  the  shops,  and 
delivery  of  the  first  completed  rack  is  antici- 
pated in  January  1997.  The  fiight  chamber, 
support  structure  and  associated  shielding  have 
been  fully  designed  and  are  now  being  detailed 
(Fig.  2).  The  nature  and  thickness  of  the  shield- 
ing materials  were  decided  using  results  from  a 
series  of  backgroimd  measurements  under  differ- 
ent shielding  conditions.  The  sample  chamber, 
which  will  accept  a variety  of  cryostats  and  fur- 
naces, is  at  an  advanced  stage  of  design.  An 
important  feature  is  a removable  guide  section 
which  wiU  bring  the  beam  close  to  the  sample, 
minimizing  losses  associated  with  beam  diver- 
gence. The  various  positioning  devices  that  go 
inside  the  sample  chamber  have  been  assembled, 
and  the  radial  collimator  has  been  received  from 
the  manufacturer. 

There  has  been  major  progress  in  the  de- 
sign and  construction  of  the  32-input  boards 
that  form  the  heart  of  the  data  acquisition  sys- 
tem. The  discrete  TTL  integrated  circuit  design 
has  been  transformed  into  a 10ns  programmable 
logic  device  which  is  the  equivalent  of  more  than 
100  discrete  integrated  circuits.  Extensive  sim- 
ulations of  this  device  indicate  that  timing  re- 
quirements will  be  fully  reahzed  and  that  setup 
times  are  sufficient  to  ensure  reliable  operation. 
The  design  has  been  checked  using  internal  diag- 
nostic programs  and  has  been  compiled  without 
error.  A six  layer  printed  circuit  board  which 
wiU  hold  the  chip,  two  memory  chips  and  two 
“AND”  gates,  has  been  designed  and  is  being 
fabricated.  A system  to  test  this  board  has 
been  assembled  using  a 32-output  detector  pulse 
simulator  and  a 32-input  digital  data  acquisi- 
tion board  in  a PC.  A test  program  is  being 
written,  and  tests  will  begin  shortly.  A pro- 
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Figure  3.  The  calculated  FWHM  elastic  energy  res- 
olution for  the  three  resolution  modes,  with  the  chop>- 
pers  spinning  at  20,000  rpm. 

gramable  logic  device  wiU  also  be  used  for  the 
interface  between  the  data  acquisition  boards 
and  the  data  acquisition  slave  computer;  the  de- 
sign of  this  interface  will  begin  shortly.  Con- 
siderable effort  has  been  devoted  to  the  design 
of  low  and  high  voltage  distribution/monitoring 
systems  for  the  amplifiers  and  detectors.  The 
circuit  boards  for  distribution  of  ± 12V  power 
to  the  amplifier /discriminators  have  been  man- 
ufactured, tested,  and  assembled  into  a chassis 
with  a silk  screen  front  panel.  Three  boards  will 
be  mounted  and  tested  when  we  receive  the  first 
complete  detector  rack. 

Following  our  decision  to  manage  data  acqui- 
sition and  instrument  control  using  a high  speed 
personal  computer  running  the  Linux  operating 
system,  we  have  purchased  a suitable  computer 
which  currently  serves  as  the  development  plat- 
form for  spectrometer  software.  Central  to  the 
data  acquisition  system  is  a card-based  slave 
computer  resident  on  the  host  bus.  The  slave 
wiU  map  and  histogram  event  words  read  from 
the  data  acquisition  boards,  and  will  transfer 
histograms  to  the  host  through  shared  memory. 
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Figure  4.  The  calculated  FWHM  inelastic  energy 
resolution  for  the  three  resolution  modes  and  three 
incident  wavelengths,  with  the  choppers  spinning  at 
20,000  rpm. 


Control  of  CAMAC  devices  such  as  scalers  and 
I/O  registers  has  been  achieved  using  a GPIB 
card  in  the  PC,  a GPIB  crate  controller,  and, 
a set  of  GPIB  routines  developed  for  Linux  by 
Claus  Schroter  at  the  Free  University  of  Berlin 

[3].  Standard  serial  ports  and  protocols  wiU  be 
used  to  conununicate  with  the  chopper  control 
computer,  motor  controllers  and  devices  such  as 
temperature  and  pressure  sensors. 

In  order  to  implement  the  concept  of  an 
autonomous  core  program  which  is  responsible 
for  aU  communications  with  spectrometer  hard- 
ware, interprocess  (TCP/IP)  routines  have  been 
written  and  demonstrated  to  work  reliably.  The 
core  program  will  consist  of  a series  of  routines 
written  in  the  Tcl  scripting  language  and  as  C 
extensions  of  Tcl.  Our  intent  is  to  store  exper- 
imental data  in  the  self-describing  hierarchical 
data  format  HDF  [4]. 


Estimated  fluxes  at  the  DCS  sample  p)osi- 
tion,  and  energy  resolutions  for  elastic  scatter- 
ing, are  given  in  ref.  [5],  with  a discussion  of 
the  assiunptions  that  went  into  these  calcula- 
tions. The  anticipated  energy  resolution  for  elas- 
tic scattering  is  shown  in  Fig.  3 as  a function 
of  wavelength,  and  the  inelastic  scattering  en- 
ergy resolution  at  three  diSerent  wavelengths  is 
shown  in  Fig.  4,  for  the  three  resolution  modes 
of  the  instrument  with  the  choppers  spinning  at 
20,000  rpm. 
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New  Filter  Analyzer  Neutron  Spec- 
trometer (FANS) 

The  increasing  complexity  of  new  materials 
and  processes  is  an  important  factor  driving  the 
development  of  new  characterization  tools.  The 
traditional  vibrational  spectroscopies,  infrared 
absorption  and  Raman  scattering,  have  long 
played  a central  role.  In  principle,  neutrons  are 
a more  versatile  dynamical  probe  than  photons 
because  the  fundamental  nature  of  the  neutron- 
nucleus  interaction  permits  the  observation  of 
all  the  vibrations,  not  just  those  which  sat- 
isfy appropriate  symmetry-based  selection  rules. 
F\irthermore  the  output  of  an  inelastic  neutron 
spectrum  can  be  directly  related  to  the  vibra- 
tional density  of  states,  providing  a powerful 
testing  ground  for  theoretical  modelling  of  ma- 
terials as  well  as  a means  to  design  materials 
with  specific  thermal  properties.  However  in- 
elastic neutron  scattering  has  long  suffered  from 
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Figure  5.  The  total  cross  sections  of  polycrystaUine 
beryllium  (Be)  and  graphite  (G)  as  a function  of  neu- 
tron energy  for  100  and  296  K.  Continuous  lines  rep- 
resent smoothed  experimental  results.  Broken  lines 
represent  estimates  based  on  interpolations  or  ex- 
trapolations of  the  experimental  results.  The  100 
K cross  section  for  graphite  is  no  more  than  a very 
crude  estimate. 

the  rather  low  intensity.  To  address  this,  a new 
high  intensity  filter-analyzer  neutron  spectrom- 
eter (FANS)  is  being  designed  and  constructed 
for  installation  in  the  reactor  hall  by  a consor- 
tium of  scientists  from  the  University  of  Penn- 
sylvania, the  University  of  California  at  Santa 
Barbara,  NIST,  Hughes  Aircraft,  and  DuPont. 
The  throughput  and  sensitivity  of  FANS  will 
exceed  by  a factor  of  at  least  50  that  of  the 
heavily  oversubscribed  filter  analyzer  option  cur- 
rently in  use  on  the  BT4  spectrometer.  This 
will  provide  opportunities  for  new  users  and  new 
kinds  of  experiments.  For  instance  FANS  will 
be  used  to  study  intra-  and  intermolecular  vi- 
brations in  molecular  crystals  and  liquids,  poly- 
mers, guest-host  systems  (hydrogen  in  metals, 
hydrocarbons  in  zeolite  catalysts,  sorbed  gases 
on  surfaces  etc.),  to  characterize  novel  forms  of 
carbon  (fullerenes,  tubules,  foams  and  aerogels, 
amorphous  carbons,  fibers,  etc.),  novel  candi- 
date molecules  for  environmentally  acceptable 
refrigerants,  gas  separation  materials,  aging  of 
cements  etc. 

The  operation  of  FANS  is  conceptually  sim- 


ple [1].  Monochromatic  neutrons  of  variable 
energy  E\  are  inelastically  scattered  from  the 
sample  and  are  then  detected  at  a fixed  final 
energy  E{  after  they  pass  through  a low-pass 
Bragg  cutoff  filter  consisting  of  a cooled  poly- 
crystalline material  (lattice  constant  d)  which 
transmits  only  those  neutrons  with  wavelengths 
longer  than  2d.  E{  is  defined  by  the  cutoff  wave- 
length, ~ 3 meV  for  beryUium  and  ~ 1.1  meV 
if  powdered  graphite  is  placed  in  series  with  the 
Be  (see  Fig.  5).  Inelastic  spectra  are  recorded 
by  scanning  the  incident  energy  and  detecting  all 
scattered  neutrons  with  E{  < Fcutoff*  The  acces- 
sible range  of  AE  is  limited  on  the  high  end  to 
200  meV  (1600  cm“^)  by  the  anticipated  beam 
divergence  which  places  a lower  hmit  on  the 
monochromator  angle  and  on  the  low  end  to  10 
meV  (80  cm~^)  by  leakage  of  short- wavelength 
neutrons  from  higher-order  monochromator  dif- 
fraction. 

The  primary  spectrometer  of  BT4  will  be 
replaced  with  a new  monochromator  drum, 
new  monochromators,  and  new  double  focussing 
monochromator  devices.  The  detailed  engineer- 
ing design  of  the  drum  is  now  essentially  com- 
plete and  the  construction  should  begin  soon. 
The  new  monochromators  will  be  Ge(311)  and 
Cu(311).  In  the  last  year,  we  have  developed  a 
procedure  to  hot  press  Ge  in  order  to  achieve 
the  desired  mosaic.  Procedures  for  cold  working 
Cu  have  been  in  use  at  NIST  for  many  years. 
Thus  it  appears  to  be  straightforward  to  obtain 
suitable  monochromator  crystals.  However  we 
are  also  pursuing  the  new  technology  developed 
at  Brookhaven  whereby  wafers  are  individually 
bent,  refiattened,  and  then  stacked  in  order  to 
create  an  anisotropic  mosaic.  This  leads  to  im- 
proved vertical  focussing  and  therefore  improved 
intensity  for  small  (short)  samples. 

Most  of  the  gain  of  FANS  compared  to  the 
current  filter  analyzer  option  on  BT4  arises  from 
the  much  larger  solid  angle  covered  by  the  sec- 
ondary spectrometer  (9%  of  Att  steradian  com- 
pared to  0.2%).  Thus  most  of  the  work  to  date 
has  been  directed  toward  the  filter  system  (see 
Fig.  6).  During  the  past  year  the  design  of  the 
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Figure  6.  Cross-sectional  view  of  the  FANS  ana- 
lyzer. Dimensions  are  in  inches. 

Be  wedges  has  been  finalized  and  the  Be  has 
been  ordered.  Delivery  of  the  first  test  piece  is 
anticipated  shortly.  Detailed  calculations  of  the 
thermal  diffuse  cross-section  for  graphite  have 
demonstrated  that  there  is  no  significant  advan- 
tage in  coohng  the  material  below  the  boiling 
point  of  nitrogen.  Therefore  the  entire  filter  sys- 
tem will  be  cooled  with  liquid  nitrogen  leading 
to  a substantial  simplification  in  the  mechanical 
design  of  the  analyzer  system.  Detailed  calcu- 
lations of  the  expected  heat  load  are  currently 
imderway  and  finite  element  calculations  of  the 
vacuum  chamber  which  encloses  the  filter  sys- 
tem have  been  completed.  Note  that  all  of  the 
filters  on  a given  side  of  the  sample  will  be  lo- 
cated within  a single  vacuum  in  order  to  mini- 
mize radiative  heating. 

We  have  ordered  and  received  approximately 
140  ^He  detectors  with  a fill  pressure  of  3 atm. 
The  backgroimd  tests  of  these  detectors  along 
with  the  associated  electronics  have  been  com- 
pleted. In  addition  we  have  used  these  detectors 
to  measure  the  background  near  the  reactor  as  a 
function  of  shielding  thickness  in  order  to  deter- 
mine the  required  thickness  of  the  shielding.  It  is 
currently  anticipated  that  the  entire  secondary 
spectrometer  will  be  moved  using  air  pads.  Tests 


of  the  loading  appropriate  for  FANS  were  made 
using  the  epoxy  test  floor  constructed  for  the 
spin  echo  spectrometer.  These  tests  showed  that 
the  epoxy  should  be  able  to  withstand  the  ex- 
pected loading.  During  the  next  year  we  antici- 
pate that  the  mechanical  design  of  the  analyzer 
will  continue  and  that  construction  of  some  com- 
ponents will  begin. 
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Monochromator  Development 

The  intensity  limited  science  of  neutron  dif- 
fraction constantly  calls  for  instrumental  devel- 
opments that  provide  an  increase  of  flux  at  the 
sample;  the  fabrication  of  an  instrument  spe- 
cific, fully  optimized  neutron  monochromator  to 
make  efficient  use  of  the  incident  white  beam 
is  of  primary  concern  in  any  instrument  design 
or  upgrade.  Recent  efforts  in  monochromator 
development  at  NIST  include:  mechanical  de- 
formation of  bulk  copper  and  germanium  single 
crystals  to  increase  the  mosaic  width,  the  ex- 
amination of  simultaneous  reflection  effects  and 
how  to  avoid  this  potential  neutron  loss  through 
careful  crystal  orientation,  and  the  investigation 
of  new  monochromator  materials  such  as  stacked 
sheets  of  fluorinated  mica. 

Copper  (220)  and  (311)  single  crystals  have 
been  successfully  cold  pressed  from  their  orig- 
inal mosaic  width  of  several  thousandths  of  a 
degree  up  to  0.25  and  0.33  degrees.  Cu  single 
crystals  are  first  cooled  in  hquid  nitrogen,  and 
then  quickly  pressed  to  introduce  the  necessary 
disorder.  This  process  is  repeated  at  increas- 
ingly higher  pressures  to  sneak  up  to  the  desired 
mosaic,  since  the  FWHM  of  an  overpressed  crys- 
tal cannot  be  brought  back  down  to  the  desired 
width.  The  copper  crystals  for  a (311)  mono- 
chromator to  be  installed  in  the  new  Filter  An- 
alyzer Spectrometer  will  soon  arrive  to  be  char- 
acterized and  squashed. 

Bulk  germanium  (311)  and  (511)  single  crys- 
tals have  been  hot  pressed  to  induce  mosaic 


Perfect  Crystal  SANS  Diffractometer 

widths  from  0.15°  to  0.3°.  Germanium  crystals 
are  brought  to  approximately  90%  of  their  melt- 
ing temperature  in  a vacuum  press,  and  then 
squeezed  at  2530  psi.  The  temperature  and  pres- 
sure can  be  altered  to  achieve  the  desired  mosaic. 
The  absolute  reflectivity  of  these  pressed  germa- 
nium samples  is  still  scheduled  to  be  measured. 

A new  vertically  focusing  Ge  (311)  mono- 
chromator for  the  BT-1  powder  diffractometer 
is  currently  under  construction,  and  crystal  ori- 
entation was  carefully  considered  to  ensure  max- 
imum performance.  Simultaneous  reflection  po- 
sitions were  calculated  for  a flxed  wavelength  of 
1.077  A (germanium  (311)  at  37.5°),  and  ini- 
tial experimental  data  supports  the  calculations. 
The  monochromator  crystals  were  oriented  to 
have  both  a (311)  face,  and  the  (02^  direction 
rotated  110°  azimuthally  about  the  scattering 
vector.  This  orientation  positions  the  crystals 
for  maximum  reflected  intensity  by  avoiding  any 
parasitic  neutron  loss.  The  BT-1  monochroma- 
tor is  scheduled  to  be  built,  aligned,  and  opera- 
tional by  the  end  of  January,  1997. 

The  characteristics  of  fluorophlogopite,  a 
S3mthetic  fluorinated  mica,  as  a neutron  mono- 
chromator are  also  under  study.  The  large  d- 
spacing  (9.98  A)  provides  a low  takeoff  angle, 
and  the  material  has  an  intrinsic  mosaic  width 
on  the  order  of  0.08°.  Thin  sheets  of  the  material 
can  be  stacked  and  misoriented  with  aluminum 
shims  to  “build”  a crystal  mosaic  up  to  0.5°. 
We  are  currently  working  with  Brookhaven  Na- 
tional Laboratory  in  investigating  the  optimum 
crystal  thickness,  the  neutron  absorption  cross 
section,  and  the  incoherent  scattering  cross  sec- 
tion of  fluorophlogopite.  If  it  proves  an  efficient 
material,  we  intend  to  build  a vertically  focusing 
monochromator  made  of  individual  “Angers”  of 
fanned  sheets  of  this  synthetic  mica  for  several 
instruments  at  NIST. 

Perfect  Crystal  SANS  Diffractometer 

Development  of  a Perfect  Crystal  SANS  Dif- 
fractometer (PCD)  has  progressed  to  the  stage 
of  final  testing  of  components  (crystals  and  mo- 
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tion  controls)  and  preparation  of  the  beam  port 
is  set  to  begin  in  the  next  few  months. 

The  PCD  is  a Bonse-Hart  double-crystal  dif- 
fractometer that  utilizes  the  narrow  Darwin  re- 
flection width  of  perfect  crystals  to  study  SANS 
in  the  ultra- high  resolution  regime  (0.1  nm~^  to 
0.001  nm“^).  This  instrument  will  be  built  at 
thermal  neutron  beam  port  (BT-5)  to  take  full 
advantage  of  the  high  flux  at  short  wavelengths 
and  large  beam  divergence  available  there.  Our 
simulations  show  that  we  can  achieve  a flux  on 
the  sample  of  approximately  6 x 10^  n/cm^s 
over  a 5 cm  X 5 cm  beam  area  using  Ge  (220) 
crystals  and  approximately  4 x 10^  n/cm^s  us- 
ing Si  (220).  The  performance  of  any  PCD  in- 
strument is  ultimately  determined  by  how  well 
the  scattered  flux  in  the  Q-region  of  interest 
compares  to  the  background.  This  background 
can  be  dominated  by  an  instrumental  back- 
ground that  results  from  the  “wings”  of  the  Dar- 
win reflection.  To  suppress  these  wings,  multi- 
ple reflections  are  needed  in  both  the  monochro- 
mator and  analyzer.  In  theory,  a triple-boimce 
monochromator  and  analyzer  will  suppress  the 
wings  to  Q“®.  In  practice,  this  has  not  been 
demonstrated  for  neutrons  until  very  recently. 
An  extra  instrumental  background  source  term 
has  limited  the  performance  of  PCDs  at  high 
Q values.  A recent  study  from  ORNL  [1]  sug- 
gests that  this  extra  background  results  from  re- 
flection from  the  back  side  of  the  crystals  or 
rescattering  of  the  neutrons  that  form  an  in- 
ternal current  down  the  length  of  the  crystals. 
The  ORNL  group  has  found  that  these  effects 
can  be  suppressed  with  appropriate  placement 
of  an  absorbing  material.  We  expect  to  use 
a similar  approach  to  enable  us  to  reach  near- 
theoretical  performance.  With  the  high  flux  that 
we  can  obtain  from  a thermal  tube  and  a triple- 
bounce monochromator  and  analyzer  set,  our  in- 
strument is  expected  to  offer  a several  orders- 
of-magnitude  improvement  over  existing  PCD- 
SANS  instruments  world- wide. 

Before  the  construction  of  the  instrument 
can  be  started,  the  beam  port  needs  to  be  fit- 
ted with  a new  shutter.  A design  for  this  com- 
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ponent  is  now  ready  for  final  approval  and  con- 
struction. Two  triple-bounce  channel-cut  silicon 
crystals  have  been  purchased  and  will  be  tested 
for  the  suppression  of  the  “wings”  of  the  Darwin 
refiection  they  produce  and  their  refiectivity.  A 
detailed  design  of  the  instrument  is  being  com- 
pleted for  submission  to  the  Safety  Evaluation 
Committee.  Once  approved,  the  major  compo- 
nents of  the  instrument  will  be  fabricated  and 
preparations  begim  for  installation.  These  ma- 
jor components  will  include  new  external  shields, 
a vibration  isolation  table  to  support  the  crys- 
tals and  a detector  array.  Other  components 
will  include  a temperature  control  hutch  for  the 
instrument  and  a experiment-area  enclosure  to 
limit  access  to  the  sample  area. 

Reference 

[IJAgamalian,  M.,  Wignall,  G.  D.,  Triolo,  R., 
“Optimization  of  a Bonse-Hart  Ultra-Small 
Angle  Neutron  Scattering  Facility  by  Ehmi- 
nating  the  Rocking  Curve  Wings,”  (submitted 
to  J.  Appl.  Crys.,  1996). 

Implementation  of  Polarized  Neutron 
SANS 

The  option  of  using  polarized  neutrons  for 
small-angle  neutron  scattering  measurements 
has  been  implemented  on  the  NIST/NSF  30  m 
SANS  instrument  on  guide  NG-3.  The  essential 
component  for  this  option  is  a transmission  po- 
larizing guide  based  on  the  same  type  of  Fe/Si 
supermirror  coatings  that  have  been  developed 
for  the  transmission  polarizers  for  the  NG-1  re- 
flectometer  and  the  SPINS  spectrometer.  The 
polarizing  guide  for  the  SANS  instrument,  fab- 
ricated by  CILAS,  France,  consists  of  an  array  of 
1 mm  thick  sihcon  plates,  with  Fe/Si  supermir- 
ror coatings,  aligned  to  form  a V inside  a section 
of  copper-coated  neutron  guide.  The  large  dif- 
ference in  the  critical  angles  of  the  supermirror 
coating  for  the  two  spin  states  approximately 
and  3 9^'^  for  the  “down”  and  “up”  spin 
states  respectively  allows  a relatively  large  con- 
vergence angle  to  be  used  to  polarize  a large 
beam  cross  section  beam  (4x5  cm^  in  the 


present  case)  over  a range  of  wavelengths  (5  to 
15  A)  with  a guide  of  moderate  length  (1.2  m). 

The  polarizing  cavity  is  installed  on  one  of 
the  movable  tables  in  the  pre-sample  flight  path 
of  the  CHRNS  SANS  instrument  for  easy  inser- 
tion when  needed.  Immediately  following  the 
cavity  is  a standard  flat  coil  spin  flipper  for  re- 
versing the  direction  of  polarization.  Permanent 
magnets  magnetize  the  iron  layers  of  the  super- 
mirror coating  and  provide  a guide  field  to  main- 
tain the  polarization  up  to  the  sample  position. 
Computer  control  of  the  insertion  of  the  polar- 
izing guide,  associated  guide  field  magnets,  and 
current  to  the  flipper  coils  have  been  added  to 
the  instrument’s  user  firiendly  data  acquisition 
software. 

Test  measurements  at  a typical  wavelength 
of  8 A yielded  a beam  polarization  of  89%.  This 
is  close  to  the  expected  polarization  of  90-95%. 
Further  tests  are  planned  to  map  out  the  spatial 
variation  of  the  polarization  over  the  beam  area 
to  try  to  determine  if  the  polarization  can  be  im- 
proved. With  this  degree  of  polarization,  com- 
bined with  the  measured  94%  flipping  efficiency 
of  the  spin  flipper,  flipping  ratios  (ratio  of  the 
beam  intensity  with  flipper  current  off  to  that 
with  the  current  on)  between  10-15  are  obtained, 
depending  on  wavelength  and  sample  size.  This 
level  of  performance  provides  a significant  en- 
hancement in  sensitivity  to  SANS  from  ferro- 
magnetic inhomogeneities  which  is  not  available 
on  any  other  SANS  instrument  in  the  U.S.  Ef- 
forts will  continue  to  reach  flipping  ratios  > 20, 
the  original  design  goal  for  the  apparatus. 

Research  Topics 

The  Disk  Chopper  Time-of-Flight  Spectrom- 
eter 

J.  R.  D.  Copley®,  F.  B.  Altorfer®-®,  N.  C. 

Maliszewskyj®,  C.  W.  Brocker®’®,  H.  P.  Layer®,  and 

J.  C.  Cook®’® 

Performcince  Tests  of  the  Choppers  for  the 
Disk  Chopper  Time-of-Flight  Spectrometer 

F.  B.  Altorfer®’®  and  J.  R.  D.  Copley® 

Acceptance  Tests  of  Detectors  and  Amplifiers 
for  the  Disk  Chopper  Time-of-Flight  Spec- 
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trometer 
P.  C.  Tobin® 

Mechanical  Design  of  the  Disk  Chopper  Time- 
of-Flight  Spectrometer 
C-  W.  Brocker®-® 

Design  of  the  Data  Acquisition  System  for  the 
Disk  Chopper  Time-of-Flight  Spectrometer 
H.  P.  Layer® 

Software  Development  for  the  Disk  Chopper 
Time-of-Flight  Spectrometer 

G.  C.  Greene®,  N.  C.  Maliszewskyj®  and  P. 
Klosowski®’® 

Ray-Tracing  Calculations  of  Neutron  Focus- 
ing Properties  of  Toroidal  Mirrors 
J.  R.  D.  Copley®  and  C.  Hayes^ 

Calculations  of  Fast  Neutron  and  Gamma-ray 
Dose  Rates  Exiting  a Neutron  Optical  Filter 
N.  Rosov®,  J.  M.  Rowe®  and  J.  R.  D.  Copley® 

Backscattering  Tests  of  Variable  Thickness 
Si(lll)  Ancdyzer  Plates 
P.  M.  Gehring®,  D.  A.  Neumann®,  B.  F.  Prick"^,  C. 

H.  AppeP®  and  M.  D.  Shaw^ 

Mosaic  Measurements  of  ZYH  Grade  Highly- 
Oriented  Pyrolytic  Graphite 
P.  M.  Gehring®,  K.  T.  Forstner®’®,  D.  A. 
Neumann®,  and  A.  W.  Moore® 

Construction  of  an  Epoxy  Tanzboden 
R.  Williams® 

Field  Dependence  of  Diffuse  Scattering  from 
Polarizing  Supermirrors 
N.  Rosov®  and  J.  Barker® 

Construction  of  a New  Sample  Furnance 
A.  Clarkson®  and  N.  Rosov® 

Development  of  Perfect  Crystal  SANS  Dif- 
fractometer 

A.  Drews®,  J.  Barker®,  J.  Moyer®,  M.  Agamalian^ 
and  C.  Glinka® 

SANS  Polarized  Beam  Development 
J.  Barker®,  D.  Fulford®,  B.  Hammouda®  and  C. 
Glinka® 

Pressed  Cu  for  Neutron  Monochromators 
T.  Forstner®’®  and  S.  F.  Trevino®’^ 

Pressed  Ge  for  Neutron  Monochromators 
T.  Forstner®’®,  S.  F.  Trevino®’^,  D.  A.  Neumann®, 
J.  Blendell®  and  B.  Chakomakos® 


Synthetic  Mica  for  Neutron  Monochromators 
T.  Forstner®’®,  C.  F.  Majkrzak®,  L.  PasselP  and 
D.  A.  Neumann® 

Design  of  the  New  Filter  Analyzer  Neutron 
Spectrometer  (FANS) 

P.  Papanek®’^^,  D.  A.  Neumann®,  R Christman®, 
D.  Pierce®,  J.  E.  Fischer^^,  J.  J.  Rush®,  M.  L. 
Klein^^  and  A.  K.  Cheetham^^ 

Hydrogen  Cold  Source  Development 

R.  E.  WiUicims®,  P.  A.  Kopetka®  and  J.  M.  Rowe® 

Monte  Carlo  Methods  for  Nuclear  Applica- 
tions 

R.  E.  Williams® 
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The  Reactor  Radiation  Division’  s research 
projects  fall  almost  entirely  within  two  MSEL 
program  areas;  Neutron  Facility  Operation  and 
Neutron  Characterization.  Some  of  the  work  de- 
scribed in  the  previous  sections  of  this  report 
fall  into  four  other  MSEL  program  areas.  These 
programs  are  described  below. 

B iot  echnology 

The  Neutron  Scattering  Facilities  at  the 
NIST  Research  Reactor  offer  a unique  oppor- 
tunity in  the  US  for  studying  the  structure 
and  d3mamics  of  biological  macromolecules  and 
biomimetic  systems  as  a function  of  chemical 
or  biological  environment.  Two  30m  small- 
angle  neutron  scattering  (SANS)  instruments 
and  reflectometers  provide  the  coimtry’s  best 
combined  capabilities  for  surface  and  struc- 
tural studies.  Both  SANS  and  reflectometry 
are  well-suited  for  in  situ  structural  studies  of 
macromolecules  in  solution  ranging  in  size  from 
1 nm  to  100  nm.  In  addition,  a wide  range 
of  dynamic  processes  encompassing  the  10~^ 
to  10“^^  s timescales  wiU  soon  be  accessible 
with  the  completion  of  three  state-of-the-art 
neutron  spin-echo,  high-resolution  time-of-flight 
and  backscattering  spectrometers.  These  tech- 
niques provide  information  on  macromolecular 
dynamics  which  is  complementary  to,  and  in 
many  cases  more  direct  than,  that  obtained  from 
NMR  and  electron  spin  resonance  and  which  can 
be  directly  compared  with  molecular  dynamics 
computer  simulations.  Thus,  both  structure  and 
dynamics  studies  are  being  pursued,  using  this 
unique  variety  of  measurement  capabilities,  to 
probe  structure-function  relationships  in  macro- 
molecules and  other  biologically  and  technolog- 
ically important  systems.  The  program  is  being 
carried  out  with  close  collaboration  and  support 
from  NIST’s  Biotechnology  Division.  Strong 
collaborations  are  also  imderway  with  NIH  and 
the  University  of  Pennsylvania. 


Ceramic  Coatings 

The  Ceramic  Coatings  Program  is  a mea- 
surement and  characterization  effort  which  ad- 
dresses the  processing  reproducibility  and  per- 
formance prediction  issues  associated  with,  pri- 
marily, thermal-spray  deposited  ceramic  coat- 
ings. The  program  focuses  on  plasma-spray- 
deposited  ceramic  thermal  barrier  coatings  used 
in  aircraft  gas  turbines  and  expected  to  be  used 
in  land-based  turbines  and  diesel  engines.  Sales 
in  the  thermal-spray  industry  are  currently  val- 
ued at  over  one  billion  dollars  annually,  a sig- 
nificant portion  of  which  is  ceramic  thermal- 
barrier  coatings.  Collaborations  have  been  es- 
tablished with  industrial  organizations  includ- 
ing Pratt  and  Whitney,  General  Electric,  Cater- 
pillar, METCO,  Met  Tech  and  Zircoa  as  well  as 
the  Thermal  Spray  Laboratory  at  the  State  Uni- 
versity of  New  York  at  Stoney  Brook  and  the 
Thermal  Spray  Laboratory  at  Sandia  National 
Laboratory.  The  program  includes  collaboration 
with  the  National  Aerospace  Laboratory  and 
the  National  Mechanical  Engineering  Labora- 
tory, both  in  Japan,  to  examine  functionally  gra- 
dient materials.  Research  is  also  conducted  on 
the  processing  and  properties  of  chemical-vapor- 
deposited  (CVD)  diamond  films  in  collabora- 
tion with  Westinghouse,  an  Advanced  Technol- 
ogy Program  (ATP)  awardee,  and  on  Physical 
Vapor  Deposited  (PVD)  ceramic  coatings  in  col- 
laboration with  Praxair,  another  ATP  awardee. 

Participants  in  the  NIST  program  are  lo- 
cated in  the  Ceramics,  Materials  Reliabihty  and 
Reactor  Radiation  Divisions  of  the  Materials 
Science  and  Engineering  Laboratory  as  well  as 
the  Chemical  Science  and  Technology  Labora- 
tory. 

The  approach  taken  in  the  plasma-spray 
(PS)  research  has  been  to  build  on  the  analytical 
capabilities  at  NIST  and  the  material  processing 
capabilities  of  collaborators.  The  program  has 
the  following  elements: 

- development  of  techniques  for  character- 
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ization  of  physical  and  chemical  properties  of 
stabilized  zirconia  feedstock  to  provide  data  for 
increased  processing  reproducibility  as  well  as 
data  required  for  production  of  a Standard  Ref- 
erence Material  suitable  for  calibration  of  light- 
scattering size  distribution  instruments  used  in 
industry  for  analysis  of  PS  powder: 

- development  of  scattering  techniques  to  de- 
termine the  quantity,  size  and  orientation  of 
porosity  and  microcracks  in  PS  ceramic  coatings 
suitable  for  use  in  modeling  the  thermomechan- 
ical behavior  of  these  materials; 

- development  of  methods  to  measure  chem- 
ical, elastic  modulus,  and  thermal  properties  on 
a scale  suitable  for  use  in  microstructural  models 
of  behavior; 

- development  of  techniques  to  model  ther- 
momechanical behavior  of  thermal-barrier  coat- 
ings to  enable  more  reliable  performance  predic- 
tion; and 

- development  of  techniques  for  accurate 
measurement  of  the  thermal  conductivity  of  PS 
coatings,  by  use  of  the  guarded  hot-plate  tech- 
nique suitable  for  incorporation  in  ASTM  stan- 
dards and  by  the  pulsed  laser  heating  technique, 
to  provide  a method  for  comparison  with  routine 
industrial  techniques. 

- development  and  refinement  of  more  sen- 
sitive methods  for  accurate  analysis  of  oxide 
phases  and  residual  stresses  which  affect  perfor- 
mance and  durability  of  coatings. 

Research  on  chemical  mapping  of  powders 
and  microstructures  is  conducted  in  the  Micro- 
analysis Division  of  the  Chemical  Science  and 
Technology  Laboratory.  Thermal  property  re- 
search is  conducted  in  the  Materials  Reliabihty 
and  Metallurgy  divisions  and  the  Reactor  Radi- 
ation Division  participates  in  both  the  powder 
analysis  and  scattering  projects.  A strong  at- 
tribute of  the  PS  coatings  research  is  the  use 
of  common  materials  for  which  complementary 
data  can  provide  a more  complete  understand- 
ing of  processing-microstructure-property  rela- 
tionships. 


Evaluated  Materials  Data 

The  objective  of  the  Data  Technologies  Pro- 
gram is  to  develop  and  facilitate  the  use  of  eval- 
uated databases  for  the  materials  science  and 
engineering  communities.  Both  research-  and 
application-directed  organizations  require  read- 
ily available  evaluated  data  to  take  advantage  of 
the  large  volume  of  materials  information  devel- 
oped on  public  and  private  sponsored  programs. 
This  information,  particularly  numeric  data,  is 
available  in  an  ever  increasing  number  of  pub- 
lications published  worldwide.  The  necessity  to 
consolidate  and  allow  rapid  comparison  of  prop- 
erties for  product  design  and  process  develop- 
ment underlies  the  database  projects. 

Evaluated  databases  are  developed  in  coop>- 
eration  with  the  NIST  Standard  Reference  Data 
Program  Office  and,  often,  coordinated  with 
the  activities  of  other  laboratories  and  scien- 
tific/technical societies.  Research  consists  of  the 
compilation  and  evaluation  of  numeric  data  as 
well  as  recently  initiated  efforts  directed  at  more 
effective  distribution  and  use  of  data.  Database 
activities  reflect  laboratory  programs  with  sci- 
entific capabilities  required  for  appropriate  data 
evaluation. 

Database  projects  in  MSEL  include: 

- Phase  Diagrams  for  Ceramists  (PDFC), 
conducted  in  cooperation  with  the  American  Ce- 
ramic Society; 

- the  Structural  Ceramics  Database  (SCD), 
a compilation  of  evaluated  mechanical  and  ther- 
mal data  for  nitrides,  carbides,  and  oxides  of 
interest  to  engineers  and  designers; 

- a ceramic  machinability  database,  coor- 
dinated with  the  Ceramic  Machining  Research 
Program; 

- a high  Tc  superconductivity  database 
developed  in  cooperation  with  the  Japanese 
Agency  for  Industrial  Science  and  Technology 
(see  superconductivity) ; 

- development  and  implementation  of  the 
STEP  protocol  for  the  exchange  of  materials 
data,  under  the  auspices  of  the  ISO  10313  ac- 
tivity; 

- the  NACE/NIST  Corrosion  Performance 
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Database  developed  to  provide  a means  to  se- 
lect structural  alloys  for  corrosive  applications; 
and 

- the  Crystal  Data  Center  which  provides 
fimdamental  crystallographic  data  on  inorganic 
materials. 

High  Temperature  Superconductivity 

A significant  program  in  critical  transition 
temperature  superconductivity  is  being  con- 
ducted in  MSEL  and  other  Laboratories  at 
NIST.  The  primary  focus  of  the  MSEL  program 
is  on  bulk  superconducting  materials  for  wire 
and  magnet  applications.  In  carrying  out  this 
program,  researchers  in  MSEL  work  closely  with 
their  counterparts  in  other  NIST  Laboratories, 
and  collaborators  in  U.S.  industry,  universities, 
and  other  National  Laboratories. 

The  primary  thrusts  of  the  program  are  as 
follows: 

- Phase  equihbria  - Work  is  being  performed 
in  close  collaboration  with  the  U.S.  Department 
of  Energy  (DOE)  and  its  national  laboratories 
to  provide  the  phase  diagrams  necessary  for 
processing  these  unique  ceramic  materials.  A 
prime  objective  is  the  development  of  the  por- 
tions of  the  phase  diagram  for  the  Pb-Bi-Sr-Ca- 
Cu-0  system  relevant  to  production  of  the  high 
Tc  materials. 

- Flux  pinning  - Use  is  made  of  a unique 
magneto-optical  imaging  facility  to  examine  fiux 
pinning  in  a variety  of  materials,  with  much 
of  this  work  being  conducted  in  collaboration 
with  American  Superconductor  Corporation.  In 
addition  techniques  for  better  interpretation  of 
magnetic  measurements  are  being  developed. 
Structure  and  dynamics  of  flux  lattices  and  melt- 
ing phenomena,  critical  to  applications,  are  in- 
vestigated with  small-angle  neutron  scattering 
techniques. 

- Damage  mechanisms  - Work  is  being  car- 
ried out  under  a joint  CRADA  (cooperative  re- 
search and  development  agreement)  with  Amer- 
ican Superconductor  Corporation  as  part  of  the 
“Wire  Development  Group”  which  involves  a 
number  of  DOE  National  Laboratories  and  the 


University  of  Wisconsin  to  elucidate  the  effects 
of  strain  on  the  loss  of  current  in  superconduct- 
ing wires.  The  primary  tool  being  employed  is 
the  use  of  microfocus  radiography  available  at 
the  NIST  beamline  at  the  Brookhaven  National 
Laboratory. 

- Database  - A high  temperature  supercon- 
ductor database  has  been  developed  in  collab- 
oration with  the  National  Research  Institute 
for  Metals  (NRIM)  in  Japan.  The  High  Tem- 
perature Superconductor  Database  (HTSD)  in- 
cludes evaluated  open- literature  data  on  numer- 
ous physical,  mechanical,  and  electrical  proper- 
ties of  a variety  of  chemical  systems.  The  first 
version  of  the  database  is  now  for  sale  by  the 
Office  of  Standard  Reference  Data. 

- Crystal  structure  - Thermal  neutron  scat- 
tering techniques  and  profile  refinement  analy- 
ses are  being  utilized  to  investigate  crystal  and 
magnetic  structures,  composition,  dynamics  and 
crystal  chemical  properties.  This  research  is  be- 
ing carried  out  in  collaboration  with  a number  of 
industrial  and  university  experts  and  researchers 
at  National  Laboratories. 


Reactor  Operations  eind  Engineering 


In  spite  of  furloughs,  snow  storms  and  elec- 
tric power  interruptions,  last  year  was  a good 
year  and  the  first  full  year  at  full  power  of  20 
MW  since  1991.  The  reactor  was  on-line  72% 
of  the  time  equivalent  to  70%  at  20  MW  which 
is  about  94%  of  available  time.  Both  the  reac- 
tor and  the  cold  neutron  facility  were  essentially 
trouble  free.  Most  of  the  time,  the  reactor  has 
been  operating  on  a regular  seven- week  schedule; 
five  and  a half  weeks  at  power  and  one  and  a half 
weeks  for  refueling,  maintenance,  and  installa- 
tion and  reconfiguration  of  experiments.  Aver- 
age fuel  utilization  reached  almost  70%  which  is 
significantly  better  than  any  other  research  re- 
actor. 

Major  efforts  this  year  were  concentrated  on 
updating  the  safety  analysis  report,  operating 
procedures  and  drawings.  Plans  are  continuing 
to  upgrade  reactor  systems  and  components  in 
preparation  for  relicensing  beyond  2004.  Many 
of  these  imporvements  are  underway  and  all 
should  be  completed  by  the  time  apphcation  for 
a 20-year  license  renewal  is  made  to  the  Nuclear 
Regulatory  Commission. 


Guest  Researchers  eind  Collaborations 


The  NBSR  provides  some  of  the  nation’s 
most  advanced  capabilities  in  the  area  of  neu- 
tron beam  research.  A major  role  of  the  divi- 
sion is  to  make  these  capabilities  available  to 
all  qualified  U.S.  researchers  - from  universities, 
industry,  and  government  laboratories.  Scien- 
tists from  other  institutions,  or  other  divisions 
of  NIST,  are  thus  involved  in  nearly  all  of  the 
ongoing  research  activities  of  the  division. 

The  number  of  NBSR  research  participants 
is  plotted  against  time  in  Fig.  1.  This  figure 
shows  the  strong,  steady  growth  over  the  past 
decade.  Figure  1 also  shows  the  predominance 
of  outside  user  participation  in  experiments  per- 
formed at  the  NBSR.  The  rightmost  column  rep- 
resents partipants  from  54  U.S.  industrial  lab- 
oratories, 92  universities,  33  other  government 
institutions,  and  over  100  foreign  institutions. 
Participants  include  those  who  were  at  the  facil- 
ity at  least  once  for  an  experiment  or  by  collab- 
orating in  other  ways  (e.g.  sample,  co-authors 
on  publications). 

The  development  of  new  instrumentation  at 
the  NBSR  over  the  years  represented  in  Fig.  1 is 
certainly  the  most  important  factor  contributing 
to  the  increasing  number  of  facility  users.  Dur- 
ing the  past  fiscal  year  (FY96),  several  exper- 
imental stations  have  come  into  routine  opera- 
tion, or  have  had  major  improvement  in  their 
measurement  capability.  A new  state-of-the-art 
residual  stress  diffractometer,  located  at  beam 
port  BT-8  in  the  reactor  confinement  building, 
enables  experimenters  to  determine  stress  fields 
within  samples  with  a spatial  resolution  of  about 
1 mm.  The  method  is  one  of  the  most  ad- 
vanced techniques  available  for  non-destructive 
evaluation  of  materials  in  engineering  applica- 
tions. A polarized  beam  reflectometer  has  been 
relocated  from  the  reactor  confinement  building 
to  a position  on  neutron  guide  NG-1.  In  the 
new  position,  the  reflectometer  can  collect  data 
much  faster  with  lower  background,  and  longer 
wavelengths  may  be  more  effectively  employed. 


Fiscal  Year 


Figure  1.  Research  Participants  at  the  NBSR 


Equipped  with  state-of-the-art  transmission  su- 
permirror  polarizers  which  may  be  inserted  in 
either  the  incident  or  reflected  beams,  it  is  cur- 
rently among  the  most  advanced  instruments  of 
its  type.  While  it  is  useful  for  mapping  pro- 
files below  a smooth  surface  in  samples  of  many 
kinds,  it  excels  in  the  examination  of  magnetic 
systems,  such  as  the  giant  magnetoresistive  ma- 
terials used  in  magnetic  sensors  and  read  heads 
for  computer  hard  disks.  The  neutron  interfer- 
ometer station  is  now  in  routine  operation.  De- 
veloped and  operated  by  NIST,  it  is  a national 
user  facility  for  both  fundamental  physics  exper- 
iments and  materials  science  applications. 

Facility  users  obtain  access  to  NBSR  instru- 
mentation in  several  ways.  The  first  and  most 
straightforward  route  is  through  a formal  re- 
search proposal  system,  as  described  in  a follow- 
ing paragraph.  A second  avenue  lies  in  direct 
collaborations  between  external  facility  users 
and  NIST  scientists,  involving  experiments  of 
limited  duration  on  specific  research  topics.  A 
third,  also  very  important,  mode  of  access  in- 
volves more  formal  collaborations  of  longer  du- 
ration with  larger  groups,  i.e.,  research  consor- 
tia, rather  than  with  individual  scientists.  The 
third  mode  has  been  used  to  build  and  operate 
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several  new  instruments. 

In  the  formal  research  proposal  system,  calls 
for  proposals  are  issued  at  a six-  or  seven-month 
interval.  During  FY96,  one  call  for  propos- 
als was  issued,  with  the  subsequent  call  to  be 
made  at  the  beginning  of  FY97.  Approximately 
110  proposals  were  received  in  response  to  the 
last  call,  requesting  in  excess  of  400  instrument- 
days.  The  instruments  in  greatest  demand  were 
the  small-angle  neutron  scattering  (SANS)  dif- 
fractometers, which  accounted  for  59  proposals, 
and  the  neutron  reflectometers,  which  attracted 
28.  While  80%  of  the  proposals  were  approved, 
only  about  50%  of  the  time  requested  could 
be  granted.  Significant  opportunity  for  growth 
lies  in  the  area  of  cold-neutron  inelastic  neutron 
scattering.  At  present,  there  are  only  two  instru- 
ments at  the  CNRF,  the  Fermi-chopper  time-of- 
fiight  spectrometer  and  the  spin-polarized  cold- 
neutron  triple-axis  spectrometer  (SPINS),  which 
are  routinely  scheduled  from  formal  propos- 
als. In  a year’s  time,  three  major  new  instru- 
ments are  expected  to  become  operational  - the 
backscattering  spectrometer,  the  disk-chopper 
time-of-flight  spectrometer,  and  the  spin-echo 
spectrometer.  These  will  significantly  extend 
the  high-resolution  inelastic  scattering  capabil- 
ity in  the  U.S.,  and  greater  user  demand  for  in- 
elastic neutron  scattering  is  anticipated. 

We  rely  on  a peer  review  system  for  eval- 
uation of  proposals  for  instrument  time.  Fi- 
nal decisions  about  the  allocation  of  beam  time 
are  made  by  the  Program  Advisory  Committee 
(PAC),  which  is  a group  of  seven  prominent  sci- 
entists appointed  by  NIST  management.  The 
PAC  membership  represents  a wide  range  of  ex- 
pertise in  neutron  beam  research,  and  advises 
NIST  on  many  aspects  of  the  research  activi- 
ties and  instrumentation  at  the  reactor,  espe- 
cially those  concerning  user  interaction.  In  their 
regular  meeting,  i.e.,  once  every  proposal  cycle, 
the  PAC  considers  the  peer  reviews  of  proposals 
that  have  been  sent  to  expert  referees,  techni- 
cal reviews  made  by  NIST  scientists,  reviews  for 
safety,  and  the  proposals  themselves,  in  order 
to  approve  or  reject  proposals,  and  to  allocate 


specific  amounts  of  instrument  time. 

Direct  collaborations  remain  a common  way 
in  which  facility  users  obtain  access  to  the  in- 
struments at  the  NBSR,  accounting  for  ap- 
proximately 60%  of  the  number  of  instrument- 
days.  The  thermal-neutron  scattering  instru- 
ments, i.e.,  triple-axis  spectrometers  in  the  reac- 
tor confinement  building  and  the  high-resolution 
powder  diffractometer,  were  mainly  scheduled  in 
this  way. 

Access  to  instruments  may  also  be  obtained 
through  research  consortia,  in  the  third  method 
by  which  beam  time  is  allocated.  For  exam- 
ple, the  30-meter  SANS  diffractometer  on  neu- 
tron guide  NG-7  was  built  and  is  operated  by  a 
group  consisting  of  NIST,  Exxon  Research  and 
Engineering  Co.,  the  University  of  Minnesota, 
and  Texaco  R & D.  Three-quarters  of  the  beam 
time  on  the  instrument  is  reserved  for  the  con- 
sortium, and  the  remaining  time  is  allocated  to 
general  user  proposals.  Similar  arrangements  in- 
volving other  consortia  apply  for  the  horizon- 
tal sample  refiectometer  and  the  high-resolution 
powder  diffractometer. 

Several  of  the  experimental  stations  at  the 
NBSR  are  wholly  or  partially  operated  by  per- 
sonnel from  other  organizational  units  of  NIST. 
In  particular,  chemical  analysis  by  nuclear  meth- 
ods is  carried  out  by  a group  from  the  Analytical 
Chemistry  Division.  There  are  several  experi- 
mental stations  operated  by  this  group.  For  ex- 
ample, cold- neutron  prompt-gamma  neutron  ac- 
tivation analysis  (PC  A A),  an  in-beam  method, 
is  offered  directly  to  users  through  proposals, 
while  instrumental  (i.e.,  conventional,  ex-situ) 
activation  analysis  is  an  in-house  activity  offered 
to  users  through  collaborations. 

Services  such  as  irradiation,  radiography, 
and  materials  characterization  are  provided  to 
other  government  agencies  using  the  facilities 
at  the  NBSR.  The  FDA  and  Smithsonian  have 
maintained  long-term,  continuing  associations, 
while  other  institutions  receive  services  at  the 
NBSR  on  a short-term,  case-by-case  basis.  Such 
services  are  provided  to  non-government  agen- 
cies as  well. 
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Guest  Researchers  and  Collaborations 


In  a some  cases,  industrial  R&D  of  a propri- 
etary nature  are  carried  out  at  the  NBSR,  pro- 
vided that  appropriate  beam-time  charges  are 
paid  on  a full-cost-recovery  basis  to  the  U.S.  gov- 
ernment. 

Several  meetings  and  workshops  were 
arranged  during  FY96.  The  Neutron  Scattering 
Satellite  Meeting  to  the  XVII  Congress  of  the 
International  Union  of  Crystallography  was  held 
at  NIST  during  Aug.  5-7,  1996.  Approximately 
130  scientists  from  15  countries  attended  this 
general  meeting  on  neutron  scattering  science 
and  instrumentation.  A meeting  of  the  CNRF 
Researchers’  Group  was  held  on  the  evening  of 
Aug.  5,  during  which  the  users  of  the  facility 
had  an  opportunity  to  exchange  ideas  on  the 
operation  of  the  CNRF.  In  recent  years,  we  have 
run  an  annual  summer  school  workshop,  with 
the  purpose  of  educating  new  users,  primarily 
graduate  students  and  younger  scientists  in 
neutron  scattering  techniques  at  the  research 
level.  This  years’  summer  school,  held  June 
3-6,  1996,  was  devoted  to  small  angle  scattering 
and  reflectometry  methods.  A workshop  on 
high  resolution  neutron  spectroscopy  is  planned 
for  the  summer  of  1997,  in  anticipation  of  the 
user  interest  in  the  new  spectrometers  to  be 
commissioned  in  the  CNRF  guide  hall. 

We,  working  with  the  researchers  group,  plan 
to  make  greater  efforts  to  obtain  feedback  from 
facility  users.  In  addition  to  the  annual  CNRF 
researchers’  group  meeting,  small  seminar-type 
meetings  are  being  held  at  NIST,  in  order  to 
sample  the  experiences  of  users  who  have  come 
to  use  the  facility,  while  they  are  on  site.  A 
more  formal  survey  of  users,  through  electronic 
and/or  regular  mail,  will  be  carried  out  during 
the  coming  year.  Plans  are  also  being  made  to 
track  in  more  detail  the  use  of  all  the  instru- 
ments at  the  NBSR.  A comprehensive  data  base 
will  be  implemented  to  provide  detailed  infor- 
mation on  investigators,  proposals,  and  experi- 
mental stations. 

The  World  Wide  Web  at 
http://rrdjazz.nist.gov  is  rapidly  becoming 
the  standard  method  for  users  to  obtain  in- 


formation about  the  facility.  Submission  of 
beam-time  proposals  from  a Web  page  form 
is  now  possible.  For  further  information  on 
the  NBSR,  its  instrumentation  and  the  guest 
researcher  program,  interested  parties  should 
examine  the  division’s  pages  on  its  Web  site,  or 
contact  Bill  Kamitakahara  at  (301)  975-6878, 
billk@rrdstrad.nist.gov.  Inquiries  about  specific 
techniques  or  instruments  may  be  directed  to 
any  appropriate  RRD  staff  member.  Names, 
telephone  numbers,  and  e-mail  addresses  may 
be  found  on  the  list  of  instrument  scientists  on 
a Web  page. 
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Personnel  Roster 


The  Division  staff  is  organized  formally  into 
three  groups,  as  shown  in  the  chart  above;  how- 
ever, staff  are  utilized  where  necessary,  irrespec- 
tive of  group.  Below  the  group  level  of  organiza- 
tion, persormel  are  grouped  into  research  teams 
according  to  their  predominant  interest.  Once 
again,  these  groupings  are  not  hard  and  fast; 
there  are  many  overlapping  interests.  These 
teams,  including  long-term  guest  researchers, 
are  shown  in  Table  1.  A number  of  “non- 
resident” Ph.D.  students  and  continuing  collab- 
orators from  universities  and  industry  are  not 


listed.  It  should  be  noted  that  scientific  con- 
tributions to  the  Cold  Neutron  Project  are  in- 
cluded in  the  teams  by  scientific  interest,  even 
though  in  most  cases,  their  predominant  respon- 
sibility is  for  CNRF  instrument  building  and/or 
operation.  In  fact,  they  have  only  30%  of  their 
time  given  to  the  conduct  of  research,  while 
70%  is  dedicated  to  the  facility.  Likewise,  many 
members  of  the  Neutron  Condensed  Matter  Sci- 
ence Group  have  sizable  CNRF  responsibilities, 
which  may  amount  to  as  much  as  ^ time  when 
needed. 
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Table  1.  NBSR  and  CNRF  Resident 
Staff 

ADMINISTRATIVE  - DIVISION  856 

Rowe,  J.  M.,  Chief 

Maxwell,  E.  C.,  Admiii.  Off.  (retired) 

Sullivan,  D.  A.,  Admin.  Off. 

Neal,  S.  L.,  Admin.  Asst. 

HiU,  J.  M.,  Secretary 
Prask,  H.  J.,  Sci.  Asst. 

Barker,  J.  G.,  Matls.  Sci. 

REACTOR  OPERATIONS  & 
ENGINEERING 

Raby,  T.  M.,  Chief 
Torrence,  J.  F.,  Deputy 
Poole,  L.  M.,  Secretary 
Waters,  J.  A.,  Secretary 

Operations 
Beasley,  R.D. 

Bickford,  N.  A. 

Bobik,  P.  A. 

CasseUs,  M.  G. 

Clark,  F.  C. 

Dilks,  H.  W. 

Flynn,  D.  J. 

Guarin,  E.  L. 

Lindstrom,  L.  T. 

McDonald,  M.  J. 

MueUer,  W.  W. 

Myers,  T.  J. 

Ring,  J.  H. 

Sprow,  R.  P. 

Stiber,  R.  F. 

Toth,  A.  L. 

Wilkison,  D.  P. 

Wright,  K.  D. 

Engineering 

Suthar,  M.  A.,  Act.  Ghief 
Poole,  L.  M.,  Secretary 
Beatty,  J.  A. 

Brady,  D.  E.,  Inst.  Supv. 

HaU,  K.  D. 

Liposky,  P.  J. 

Shuman,  L.A. 

Thompson,  R.  G. 


Reseeirch  Associates 
Anderson,  D.  A.  (FDA) 

Bnios,  J.  (Montg.  College) 

Cunningham,  W.  C.  (FDA) 

Heine,  C.  J. 

Olin,  J. (Smithsonian) 

NEUTRON  CONDENSED  MATTER  SCI- 
ENCE GROUP 

Rush,  J.  J.,  Leader 
Runkles,  C.  L.,  Secretary 
Berk,  N.  F. 

Borchers,  J.  A. 

Brand,  P. 

Copley,  J.R.D. 

Drews.  A.  R. 

Dura,  J.  A. 

Erwin,  R.  W. 

Forstner,  K.  T. 

FitzGerald,  S.  A. 

Fulford,  D.  B. 

Gehring,  P.  M. 

Glinka,  G.  J. 

Hammouda,  B. 

Ijiri,  Y. 

Karen,  V.  L. 

Kline,  S.  R. 

Krueger,  S.  T. 

Lynn,  J.  W. 

Majkrzak,  C.  F. 

Maliszewskyj,  N.  G. 

MigheU,  A.  D. 

Neumann,  D.  A. 

Robeson,  L.  A. 

Santodonato,  L.  J. 

Santoro,  A. 

Satija,  S.  K. 

Slawecki,  T.  M. 

Stahck,  J.  K. 

Toby,  B.  H. 

Udovic,  T.  J. 

Guest  Scientists 
Altorfer,  F.  B. 

Chang,  Y.-T. 

Cook,  J. 

Doloc,  L. 


Table  1.  NBSR  and  CNRF  Resident  Staff 
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Huang,  Q.  Z. 
Kepa,  H. 
Klosowski,  R 
Lee,  S.-H. 

Lin,  M.  Y. 

Mrose,  M. 
Papanek,  P. 
Prince,  E. 
Skanthakumar,  S. 
Sung,  L. 

Tobias,  D.  J. 
Trevino,  S.  F. 
Watanabe,  T. 
Yildirim,  T. 
Zaliznyak,  1. 


COLD  NEUTRON  PROJECT 

Rowe,  J.  M.,  Leader 
Clutter,  L.  K.,  User  Coord. 

HiU,  J.  M.,  Secretary 
Ruhl,  K.  J.,  Clerk  Typist 
Baltic,  G.  M. 

Bostian,  C.  D. 

Clarkson,  A. 

Clem,  D.  L. 

Clow,  W.  R. 

Dickerson,  W.  E. 

Fravel,  D.  H. 

Gallagher,  P.  D. 

Green,  T.  A. 

Greene,  G.  C. 

Heald,  A.  E. 

Kamitakahara,  W.  A. 

KniU,  W.  C. 

Kopetka,  P.  H. 

Kulp,  D.  L. 

LaRock,  J.  G. 

Layer,  H.  P. 

Pierce,  D.  J. 

Rinehart,  M.  J. 

Rosov,  N.  S. 

Schroder,  L G. 

Thai,  T.  T. 

Tobin,  P.  J. 

Williams,  R.  E. 


Guest  Engineers 
Brocker,  C.  W. 

Christman,  R. 

Moyer,  J.  J. 

Wilhams,  R.  H. 

Wrenn,  C.  W. 

NEUTRON  INTERACTIONS  - 846 

GiUiam,  D.  M.,  Leader 
Rhodes,  S.  E.,  Secretary 
Adams,  J. 

Arif,  M. 

Carlson,  A.  D. 

Dewey,  M.  S. 

Eisenhauer,  C.  M. 

Gentile,  T.  R. 

Jacobson,  D.  L. 

Jones,  G.  L. 

Nico,  J.  S. 

Thompson,  A.  K. 

Weitfeld,  F.  E. 

HEALTH  PHYSICS  -DIVISION  354 

Slaback,  L.  A.,  Leader 
Thomas,  C.  L.,  Secretary 
Brown,  D.  R. 

Campbell,  C.  D. 

Cassells,  L.  H. 

Clark,  J.  S. 

DeardorflF,  G.  E. 

Fink,  L.  E. 

Mengers,  T.  F. 

Shubiak,  J.  J. 

NUCLEAR  METHODS  GROUP- 
DIVISION  839 

Greenberg,  R.  R.,  Leader 
Wilson,  J.  M.,  Secretary 
Becker,  D.  A. 

Benenson,  R.  E. 

Bishop,  R.  L. 

Blackman,  M.  J. 

Chen-Mayer,  H.  H. 

Demiralp,  R. 

Fitzpatrick,  K.  A. 

Fokin,  V.  S. 

Iyengar,  G.  V. 
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Lamaze,  G.  P. 
Langland,  J.  K. 
Lindstrom,  R.  M. 
Mackey,  E.  A. 
Mildner,  D.F.R. 
Norman,  B.  R. 
Paul,  R.  L. 
Porter,  B.  J. 
Sharov,  V.  A. 
Welsh,  J.  F. 
Zeisler,  R.  L. 


Research  and  Engineering  Staff 
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Research  cind  Engineering  Staff 
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